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Use of Molecular Tools on Surveys of Genetic Variation and Population Structure in 
Three Species of Sharks 
 
Andrey Leonardo F. Castro 
 
 
ABSTRACT 
 
Molecular tools, such as sequencing of the mitochondrial DNA Control Region (CR) and 
genotyping of highly variable nuclear microsatellites were applied to survey the genetic 
diversity, population structure and phylogeography of three shark species: the whale shark, 
Rhincodon typus; the bull shark, Carcharhinus leucas; and the nurse shark, Ginglymostoma 
cirratum. The highly migratory and pelagic whale shark exhibited the largest length variation 
yet reported for an elasmobranch CR (1143–1332 bp), and high haplotype (h = 0.974 ± 
0.008) and nucleotide diversities (# = 0.011 ± 0.006). No geographical clustering of lineages 
was observed and the most common haplotype was distributed globally. The haplotype 
frequency, however, differed between the Atlantic and Indo-Pacific populations (AMOVA, 
!ST = 0.107, P < 0.001). For the bull shark, both mtDNA CR and five microsatellite loci 
were surveyed for animals from the Gulf of Mexico, the East coast of Florida and the 
Brazilian coast. Strong genetic structure was observed between the Brazilian and all northern 
populations for the CR (!ST > 0.8, P < 0.001), but not for the nuclear microsatellite. The  
vi 
results here presented are congruent with restricted maternal gene flow between populations 
as a consequence of female nursery site fidelity. The philopatric tendencies as well as the 
relatively low levels of genetic diversity raises concerns about the conservation of this 
species. Finally, for the western Atlantic nurse sharks the genetic diversity estimated in a 
1,166 bp fragment of the mtDNA comprising partial cytochrome b, tRNA
Pro
, tRNA
Thr
, and 
partial CR was the second smallest ever recorded for sharks (h = 0.45 ± 0.04; # = 0.0004 ± 
0.0004). The data indicated moderate but significant genetic structure with the mtDNA 
marker (!ST = 0.22, P<0.05) and no substantial structure in eight microsatellite loci 
analyzed. A population bottleneck as recent as the lower Pleistocene might have eroded the 
nurse shark genetic diversity and also contributed to its relatively lower population structure. 
The data also indicated that dispersal rather than vicariance better explains the Atlantic 
distribution of nurse shark, and that the Pacific nurse shark might be a cryptic sister species 
to Ginglymostoma cirratum. 
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CHAPTER ONE 
INTRODUCTION 
 
Populations with low recruitment (i.e., slow growth, late maturation and low 
fecundity) are especially vulnerable to overexploitation. Most sharks exhibit slow growth 
rates, produce relatively few offspring, and have long inter-birth intervals (Manire & 
Gruber 1990; Cortés 2000). These patterns are quite different from those typically found 
in the ecologically similar teleosts. Consequently, management plans for teleost fishes 
might be inappropriate for sharks, and a better knowledge of their ecology and population 
biology is needed for successful management plans (Barker & Schluessel 2005). Declines 
on the abundance of sharks and rays have been noted for different populations over the 
entire world (Stevens et al. 2000; Baum et al. 2003; Dulvy et al. 2008). Despite the 
increasing international concern about the effects of overfishing on natural stocks of 
different shark species, little is known about their basic biology and life history, such as 
recruitment rates, mortality and fecundity, home range, migration, activity and habitat 
use, as well as population genetic structure, breeding behavior and mating systems 
(Myers et al. 2007). The understanding of these populational parameters is fundamental 
to the establishment of management plans for this group of animals. 
In general, management of the wild fisheries is now seen as necessary, both to 
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ensure the sustainability of extant fisheries and to assist in the recovery of depleted 
stocks. The scientific data required for fisheries management include, primarily, stock 
abundance and productivity estimates as well as information on stock dynamics (Ward 
2000). Considering that successful migrants should leave a genetic trail of their 
movements, this information would offer an indirect way to estimate population 
connectivity, further helping on the knowledge of stock dynamics (Hellberg et al. 2002). 
In this scenario, molecular genetic data have become a powerful source of information to 
address population biology issues, particularly important for conservation and 
management purposes. 
One of the most popular applications for molecular genetics is the assessment of 
the degree of genetic differentiation existing among populations and the amount of 
genetic diversity residing within different populations. Genetic variability is an important 
feature of a population for evaluating not only the short-term fitness of individuals, but 
also the long-term survival of the population (Avise 1994). Therefore, the eventual 
determination of the genetic variability of natural populations would provide basis to 
understand the stock structure and dynamics of gene flow. Management of shark fisheries 
requires some knowledge of the population structure of the species, including the 
possible existence of genetically distinct subpopulations (Lavery & Shaklee 1989; Baker 
& Schluessel 2005). 
The main goal of this study was to apply molecular tools to enhance the 
knowledge of the population genetic structure and phylogeography of three shark species: 
the whale shark, Rhincodon typus; the bull shark, Carcharhinus leucas; and the nurse 
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shark, Ginglymostoma cirratum. These three species have different life histories, as well 
as major differences in their potential migratory ability (vagility), in their habits and the 
habitat that they occupy. At first, this study dealt with the assessment of the genetic 
population subdivision of the whale shark, a widely distributed (circumtropical) species, 
with ability to migrate throughout open oceans for long distances. Subsequently, a similar 
assessment of the genetic structure was performed in an also widely spread but coastal 
species, the bull shark, which is known for its ability to swim over large distances, and a 
close association to coastal areas (e.g. estuaries). Finally, the nurse shark, a relatively 
smaller and non-vagile species with a more coastal and benthic distribution, was 
evaluated regarding its genetic structure. Studying species with such a broad range of 
habits will not only provide important information to each one of the species, but will 
also provide a better picture of what processes might be involved in shaping the 
population genetic structure of sharks.  
4 
 
 
 
 
CHAPTER TWO 
POPULATION GENETIC STRUCTURE OF EARTH’S LARGEST FISH, THE 
WHALE SHARK (RHINCODON TYPUS) 
 
SYNOPSIS 
Large pelagic vertebrates pose special conservation challenges because their movements 
generally exceed the boundaries of any single jurisdiction. To assess the population 
structure of whale sharks (Rhincodon typus), I sequenced complete mitochondrial DNA 
control regions from individuals collected across a global distribution. I observed 51 
single site polymorphisms and 8 regions with indels comprising 44 haplotypes in 70 
individuals, with high haplotype (h = 0.974 ± 0.008) and nucleotide diversity (! = 0.011 
± 0.006). The control region has the largest length variation yet reported for an 
elasmobranch (1143–1332 bp). Phylogenetic analyses reveal no geographical clustering 
of lineages and the most common haplotype was distributed globally. The absence of 
population structure across the Indian and Pacific basins indicates that oceanic expanses 
and land barriers in Southeast Asia are not impediments to whale shark dispersal. I did, 
however, find significant haplotype frequency differences (AMOVA, "ST = 0.107, P < 
0.001) principally between the Atlantic and Indo-Pacific populations. In contrast to other 
recent surveys of globally distributed sharks, I find much less population subdivision and 
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no evidence for cryptic evolutionary partitions. Discovery of the mating and pupping 
areas of whale sharks is key to further population genetic studies. The global pattern of 
shared haplotypes in whale sharks provides a compelling argument for development of 
broad international approaches for management and conservation of Earth’s largest fish.  
 
INTRODUCTION 
 
The vastness of Earth’s oceans often conceals regional biological processes 
particularly for pelagic and highly migratory species. Many species of shark, billfishes, 
and tunas mature and forage far from shore. Some marine mammals and sea turtles 
approach land to breed or rest, but spend most of their lives beyond shoreline-based 
jurisdictions. Moreover, large marine vertebrates often have complex migratory 
behaviors that vary with age and sex (e.g. Brown et al. 1995; Pardini et al. 2001; Bowen 
et al. 2005; Carlsson et al. 2007).  
Although the natural histories of many pelagic migrants have been illuminated by 
genetic markers, little is known about the biology and biogeography of the whale shark 
(Rhincodon typus). Whale sharks appear to be widely distributed in tropical and warm 
temperate seas (30°N and 35°S) except, perhaps, in the Mediterranean (Compagno 2001). 
Most information about general distribution, however, is either from seasonal sightings in 
scattered locations or anecdotal observations (Colman 1997). Aggregations of whale 
sharks have been routinely reported off Western Australia; Belize; the Yucatan peninsula 
and Baja California, Mexico; India; Djibouti; Taiwan; Japan; and the Philippines 
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(Colman 1997; Compagno 2001; Stewart & Wilson 2005). Some aggregations occur 
year-round while others may be associated with seasonal abundance of prey. Most known 
aggregations are comprised predominantly of immature sharks and segregation by size 
and sex may occur in some areas (Colman 1997; Compagno 2001). Even though recent 
studies have demonstrated the ability of this species to migrate long distances (e.g. Eckert 
& Stewart 2001; Wilson et al. 2006), it is not clear whether whale shark populations are 
panmictic or composed of reproductively isolated subpopulations. Recent evidence of 
cold-water tolerance when diving (Wilson et al. 2006) indicates that low temperatures 
and perhaps even subpolar waters may not be impediments to whale shark movement. 
Here, I present a population genetics survey of this widely distributed species using 
mtDNA control region (CR) sequences. As whale shark numbers appear to be declining 
in some regions (Stewart & Wilson 2005; Theberge & Dearden 2006), these findings 
have implications for global management and conservation.  
 
MATERIAL AND METHODS 
 
Sample collection and laboratory procedures  
Skin samples from 70 whale sharks were collected by biopsy punch on a pole 
spear for live animals, or direct sampling of dead specimens, between 1992 and 2005 and 
were preserved in either salt-saturated dimethyl sulphoxide (DMSO) solution or 95% 
ethanol and stored at room temperature. Collections were made at Ningaloo Reef, 
Australia (N = 12); Gulf of California, Mexico (8); Pamilacan Island, Philippines (3); 
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Hualien, Taiwan (9); KwaZulu-Natal, South Africa (5); Buinjata, Mozambique (8); 
Mombasa, Kenya (5); Vattanu Kandu, Maldives (1); Quintana Roo, Mexico (17); and 
Gulf of Mexico, USA (2)(Fig. 1).  
I extracted total genomic DNA using a phenol– chloroform–isoamyl alcohol 
protocol (Sambrook et al. 1989) or 5% Chelex nonboiling protocol (Walsh et al. 1991). 
The mitochondrial CR was amplified using primers developed within the tRNA
Pro
 
(WSCR1-F: 5!-TTGGCTCCCAAAGCCAAGATTCTTC- 3!) and tRNA
Phe
 (WSCR1-R: 
5!-GCATGTATAATTTTGGTTACAA- 3!). Because of the large size of the CR (~1100–
1325 nucleotides), two internal primers were designed to facilitate sequencing of the 
whole region. Primer WSCR2-R (5!-CTTAATATTTATTGTTCCTGGTTTCAGCC- 3!) 
was paired with WSCR1-F, and primer WSCR2-F (5!-
CTATAATTGATTTAAACTGACATTTG-3!) was paired with WSCR1-R producing two 
overlapping fragments approximately 950 bp and 700 bp, respectively. Amplification 
reactions were carried out in 50-µL volumes consisting of 1x Promega buffer (Promega), 
1.25 U of IDProof DNA polymerase (ID Laboratories Inc.), 0.8 mm dNTPs, 2 mm 
MgCl2, 0.5 µm of each primer, 6.0 µg bovine serum albumin, and 1–3 µL of template. 
Cycling conditions for all primer pairs consisted of 95 °C 1 min, 35–40 cycles of 95 °C 
45 s, 58 °C 60 s, and 72 °C 90 s with a final extension at 72 °C for 7 min. Amplicons 
were purified with QIAquick kit (QIAGEN) following the manufacturer’s instructions. 
Both strands were sequenced using an ABI 3730XL Genetic analyser (Applied 
Biosystems, Inc.).  
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Data analysis  
Control region alignments were optimized in sequencher 4.1 (Gene Codes 
Corporation) and gaps were introduced to maximize sequence similarity. Contiguous 
gaps were treated as a single event by omitting all but one of the gapped bases. Gaps 
were coded as transitions for distance-based analyses. In the case of substitutions within 
gaps, variable positions were retained and the gap was coded as a single transition. The 
Akaike information criteria within modeltest version 3.06 (Posada & Crandall 1998) was 
used to determine the best-fit model of evolution. A statistical parsimony network was 
constructed using TCS 1.2.1 (Clement et al. 2000).  
Summary statistics (haplotype frequencies, number of polymorphic sites, number 
of transitions and transversions, and nucleotide composition) were estimated in 
ARLEQUIN 3.0 (Excoffier et al. 2005). Individuals were binned into five groups defined 
by geographical region: Quintana Roo, Mexico and Gulf of Mexico, USA in the 
northwestern Atlantic Ocean (N = 19); South Africa, Mozambique, and Kenya in the 
western Indian Ocean (18); Philippines and Taiwan in the northwestern Pacific Ocean 
(12); Western Australia in the eastern Indian Ocean (12); and the Gulf of California in the 
northeastern Pacific Ocean (8). Genetic diversity within localities was measured as the 
number of haplotypes, haplotype diversity (h), and nucleotide diversity (!) estimated with 
Nei’s corrected average genetic divergence (Nei 1987) incorporating Tamura & Nei’s 
(1993) model of sequence evolution with ARLEQUIN. 
I used mismatch distributions for each sample to distinguish between population 
growth models, especially those invoking past exponential growth and historical 
9 
 
population stasis (Slatkin & Hudson 1991; Rogers & Harpending 1992). Population 
parameters #, $0, and $1 were obtained from arlequin, where " is the mutational timescale, 
and $0 and $1 are the expected pairwise differences before and after a change in 
population size (growth or contraction), respectively (Harpending 1994). The mutational 
timescale is " = 2µt, where t is measured in generations and µ is the mutation rate per 
generation for the entire sequence (µ = mTu, where mT = number of nucleotides and u = 
mutation rate per nucleotide). The expected pairwise differentiation is $ = 2Nefµ where 
Nef is the effective female population size.  
Population subdivision and structure were estimated using an analysis of 
molecular variance (AMOVA, Excoffier et al. 1992) and pairwise population "ST 
significance test (Cockerham & Weir 1993) as implemented in ARLEQUIN. Significance 
of "ST was determined via nonparametric permutation (Excoffier et al. 1992) with 1000 
data permutations. For AMOVA analyses, I used the Tamura & Nei’s (1993) model of 
sequence evolution. Population differentiation also was tested using an exact test based 
on haplotype frequencies (Raymond & Rousset 1995) in ARLEQUIN.  
 
RESULTS 
 
The mitochondrial CR from a total of 70 individuals ranged from 1143 to 1332 bp 
with a mean of 1236 bp (GenBank Accession nos EU182401 to EU182444). Nearly all of 
this size variation was due to indels composed of repeated sequence blocks (Fig. 2). 
Interestingly, although I did not specifically test for heteroplasmy, none was observed. 
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Considering just the repeat unit structure (i.e. ignoring site substitutions), there were 11 
different repeat motifs in the whale shark CR. Repeated blocks ranged in size from 9 
(block A) to 64 bp (block E) long. All haplotypes had regions A1 to D1, E2, F2 E3, and 
F3 to J3 (sequentially as indicated in Fig. 2) and this was the motif for the smallest 
haplotype, H19 (Fig. 3). The largest haplotype, H10, had all the common repeats, some 
less common ones, and was the only haplotype to have block I1. Haplotypes H11 and 
H12 were similar to H19 except they possessed blocks E1 and F1 (totaling 103 bp) 
making H11 and H12 the second largest haplotypes.  
I also found substitutions among repeated blocks within the same sequence. For 
example, repeat A1 differed from A2 by a substitution of one nucleotide in haplotype 
H23. Other examples included substitutions shared between different haplotypes 
including block B, which was repeated twice in nearly all haplotypes. For some 
haplotypes, these were perfect repeats whereas there were single transitional changes in 
others. Clearly, both larger indel changes and smaller substitutional changes are common 
in the evolution of the whale shark CR.  
To maximize sequence similarity among specimens, the complete DNA sequence 
alignment required multiple gaps of sizes ranging from 1 to 163 bp. There were 49 single 
site substitutions (38 transitions and 11 transversions) and eight gaps resolving 44 
haplotypes. Five of the sequences in the gapped regions were monomorphic, while the 
other three each had substitutions. Overall, the haplotype diversity (h), and nucleotide 
diversity (!) were relatively high (h = 0.90–1.0, ! = 0.007–0.016; Table 1). Among the 44 
observed haplotypes, only nine were observed in more than a single shark (Table 2). Five 
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of those haplotypes were found in only a single geographical region (H4 and H6 in the 
Atlantic Ocean, H5 and H7 in the western Indian Ocean, and H9 in the northwest Pacific 
Ocean), with the remainder being found in two or more locations. Except for some of the 
Atlantic Ocean haplotypes, there appeared to be no phylogeographical clustering of 
haplotypes (Fig. 4). There was statistically significant structure in whale shark 
populations with overall "ST = 0.107 (P < 0.001). The Atlantic Ocean population was 
significantly different from all other populations (Table 3), although small sample sizes 
temper this conclusion. Moreover, an exact test of haplotype frequencies shows 
divergence primarily between the Atlantic and Indian/Pacific Ocean populations (with the 
exception of the northeast Pacific Ocean; Table 3). There are two exceptions to the 
finding of genetic homogeneity across the Indo-Pacific region both involving the western 
Indian Ocean population. Neither of those, however, makes phylogeographical sense and 
both oppose the general trend of homogeneity. Hence, I consider these findings to be the 
result of stochastic sampling error.  
The observed haplotype mismatch distribution was not significantly different 
from expectations under constant population size (P = 0.90; Fig. 5). Haplotypes H10 
(northeast Pacific Ocean) and H42 and H43 (western Indian Ocean) contributed to this 
conclusion being distinct from all other haplotypes by 8–18 substitutions (Fig. 5). There 
was no clear geographical clustering, however, and several haplotypes were shared 
among regions. Indeed, I detected haplotypes H1 and H3 in every region except the 
northwest Pacific Ocean.  
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The mutational timescale " = 2µt can be used to estimate coalescence times for 
populations if generation time and mutation rate (µ) are available. Moreover, the initial 
and current effective population sizes (Nf0 and Nf1) can be estimated from the pairwise 
differences #0 and #1, if a mutation rate is available or estimated. Based on the 
observation of an adolescent female with a vertebral age estimate of 20 years (Wintner 
2000), I provisionally apply a generation estimate of 25 years. The control region clock 
for the scalloped hammerhead, Sphyrna lewini, is 0.8% divergence between lineages per 
million years (Duncan et al. 2006) and is similar to a rate derived from control regions of 
lemon sharks (Negaprion brevirostris; J. Schultz, personal communication). In contrast, 
Keeney & Heist (2006) reported a rate of 0.4% per million years for the control region in 
the blacktip shark (Carcharhinus limbatus). I provisionally applied both rates to whale 
sharks, with the caution that these three species are tens of millions of years divergent 
from Rhincodon typus. When analysed across all samples, these data indicated 
coalescence times on the order of 1 600 000– 3 200 000 years (Pliocene–Pleistocene 
boundary), with founding effective population sizes of Nf0 = 13 000–26 000 individuals, 
and current effective population size Nf1 = 119 000–238 000 individuals (Table 4).  
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Table 1 – Location, number of individuals (N), number of haplotypes (n), haplotype (h) 
and nucleotide ($) diversity estimates and standard deviations observed in the 
CR of the whale shark within five major ocean basins. Single individual from 
Maldives not included. 
 
 
Location N n h ! 
Atlantic 19 12 0.93 ± 0.04 0.007 ± 0.002 
Western Indian 18 14 0.95 ± 0.04 0.005 ± 0.003 
Eastern Indian 12 9 0.91 ± 0.08 0.004 ± 0.002 
Northwest Pacific 12 11 1.00 ± 0.04 0.005 ± 0.003 
Northeast Pacific 8 7 0.96 ± 0.08 0.006 ± 0.004 
TOTAL 69 44 0.97 ± 0.01 0.011 ± 0.006 
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Table 2 – Geographical distribution of haplotypes found in 70 whale sharks from five 
major ocean basins. 
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Table 3 – Estimate of pairwise "ST values of whale sharks from five major ocean basins 
using Tamura & Nei (1993) genetic distances (below diagonal) and exact test 
significance values (above). The %ST values marked with * are significant (P 
= 0.05). 
 
 
Populations Atlantic 
Western 
Indian 
Eastern 
Indian 
Northwest 
Pacific 
Northeast 
Pacific 
Atlantic — 0.004 0.011 0.008 0.235 
Western Indian 0.215* — 0.037 0.028 0.258 
Eastern Indian 0.196* 0.072* — 0.173 0.768 
Northwest 
Pacific 
0.163* 0.001 0.002 — 0.499 
Northeast 
Pacific 
0.208* 0.037 0.000 0.000 — 
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Table 4 – Time to common ancestor ("), founding effective female population size (from 
#0), and current effective female population size (from #1) of the whale shark 
based on a coalescence approach. 
  
  
 
Divergence Rate 
Parameter  
 
0.8% per my 
 
0.4% per my 
! 14.300 
 
1,600,000 yrs 
 
3,200,000 yrs 
"0 3.011 
 
13,000 
 
26,000 
"1 27.107 
 
119,000 
 
238,000 
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Figure 1 – Geographical distribution and number of whale shark specimens obtained for 
each geographical location. 
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Figure 2 – Schematic diagram showing the consensus of all 44 haplotypes for the 
complete CR sequences of the whale shark. Coloured blocks represent 
different repeated fragments along the CR sequence. Similar sequences have 
the same colour and letter designation and repeats are numbered. Arrows 
represent primers used in PCR amplification. 
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Figure 3 – This figure shows the presence and absence of repeat units for each haplotype 
of the whale shark. Each row is a haplotype and each column is a repeat unit. 
The presence of any particular repeat is indicated by a black box. For 
example, all haplotypes have repeat units A1, B1, C1 and D1 and haplotypes 
11, 12 and 40 are the only haplotypes to have repeat units E1 and F1. 
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Figure 4 – Statistical parsimony network of haplotypes. All haplotypes are separated by 
one mutation and solid black circles represent hypothetical haplotypes not 
observed in this study. The size of the circle is proportional to the frequency 
of that haplotype. 
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Figure 5 – Haplotype mismatch distribution. Note that nearly all comparisons with 11 or 
more differences between the sequences involve haplotypes H10, H42, and 
H43. The line is the expected frequency given a demographically stable 
population. 
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DISCUSSION 
 
My global survey of whale sharks indicates unusual size polymorphism in the CR, 
significant population structure between the Atlantic and Indian-Pacific ocean basins, and 
coalescence times on the order of 2–3 million years. Before interpreting these results, I 
address two caveats:  
1. Sample size is small and lapses in coverage include the South Atlantic, Central 
Pacific, and South Pacific oceans. Sample sizes clearly limit inferences and I temper 
my conclusions accordingly. There are no directed oceanic surveys for whale sharks, 
as there are for tuna, billfish, and sea turtles, and the species occurs at low densities 
even in regional aggregates. The sample size of 70 represents over a decade of effort 
and this study is the most comprehensive genetic evaluation of this rare and 
enigmatic species (see Ramírez-Macías et al. 2007 for an analysis of whale sharks in 
the Gulf of California, Mexico). The observation of shared haplotypes (e.g. H1–H3) 
across the extremes of the geographical range is a robust finding that will not change 
regardless of sample sizes.  
2. Estimates of generation time and mutation rate are provisional, and the latter is 
derived from distantly related sharks. The corresponding estimates of coalescence 
times and effective population sizes should be regarded as general indicators. Shark 
mtDNA appears to evolve about an order of magnitude slower than for bony fishes 
(Martin et al. 1992), consistent with my clock estimates. Consequently, 
corresponding estimates are useful in a qualitative sense for determining whether, for 
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example, population histories coalesce at 10
5
, 10
6
, or 10
7
 years. The estimation of 
generation time is also somewhat controversial. The generation time of 25 years was 
based on the size–age relationship of a single immature female (Wintner 2000). 
Hoelzel et al. (2006) used a generation time of 16 years for the basking shark. If the 
generation time for the whale shark is similar (i.e. shorter than I estimate), my 
population estimates can be considered conservative. Nonetheless, I suggest caution 
in accepting genetically effective population sizes as being accurate within no less 
than an order of magnitude.  
 
Control region structure  
The CR in whale sharks (1143–1332 bp) is larger than that observed in most 
cartilaginous fishes. Amplification of the CR in 52 elasmobranch species has indicated a 
length of 1030–1050 bp except for the barndoor skate (Dipturus laevis), which is ~1200 
bp (Stoner et al. 2003). Other sharks have a shorter CR (spiny dogfish, Squalus 
acanthias, 1080 bp, Rasmussen & Arnason 1999; starspotted smooth-hound, Mustelus 
manazo, 1068 bp, Cao et al. 1998; horn shark, Heterodontus francisi, 1068 bp, Arnason 
et al. 2001; lesser spotted dogfish, Scyliorhinus canicula, 1050 bp, Delarbre et al. 1998), 
or one comparable in length (white shark, Carcharodon carcharias, 1146 bp, Pardini et 
al. 2001) to the smallest whale shark CR. Size variation in the CR of whale sharks is also 
higher than that reported for other sharks (Kitamura et al. 1996; Pardini et al. 2001; 
Keeney et al. 2005), with a 189-bp difference between the largest and smallest amplicon.  
Variation in the size of the control region has been reported for a substantial 
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number of bony fishes (Lee et al. 1995; Brown et al. 1996; Bentzen et al. 1998; Hoarau 
et al. 2002). In bony fishes, the CR typically consists of tandem repeats, as observed in 
the whale shark (Fig. 2). My initial attempts to polymerase chain reaction (PCR)-amplify 
the CR of whale sharks using a variety of published shark primers failed, probably 
because of the highly duplicated nature of the CR. Because the rate and pattern of these 
mutations are unknown, most studies have not used size variants as population markers. 
Insertions and deletions of repeat blocks may be relatively common, and homoplasy 
(convergence on the same number of repeats) is likely to confound any genealogical 
analysis.  
 
Genetic diversity and effective population size  
Despite an apparent decline in whale sharks abundance in some regions (e.g. 
Stewart & Wilson 2005; Theberge & Dearden 2006; Bradshaw et al. 2007), there is still 
relatively high genetic diversity in the species. Declining populations are expected, 
however, to retain historic levels of genetic diversity if the decline has occurred only 
recently (Roman & Palumbi 2003; Bowen et al. 2007). In the only other global surveys 
of shark CRs, the blacktip shark (Carcharhinus limbatus), yielded h = 0.843 ± 0.015 and 
! = 0.004 ± 0.002 (Keeney & Heist 2006), and the scalloped hammerhead (Sphyrna 
lewini) had h = 0.800 ± 0.020 and ! = 0.013 ± 0.007 (Duncan et al. 2006), compared to h 
= 0.970 ± 0.010 and ! = 0.011 ± 0.006 for whale sharks. These values are typical of 
abundant, geographically widespread shark species (cf. Heist 1999; Heist 2004).  
The extant population size of whale shark is unknown. The nucleotide diversity 
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values for blacktip sharks and scalloped hammerheads correspond to Nef = 140 000 
compared to my estimates of Nef = 119 000–238 000 for whale sharks. This is surprising 
given that blacktip sharks and hammerheads are globally distributed, abundant, coastal 
species, whereas the known dozen or so aggregates of whale sharks typically consist of 
tens to a few hundred individuals (Bradshaw et al. 2007). Two general processes might 
contribute to the relatively high genetic diversity that I have documented in whale sharks: 
(i) secondary contact between divergent allopatric lineages, or (ii) large stable 
populations. Except perhaps for haplotypes H10, H42, and H43, the mtDNA phylogeny 
reveals no evidence of distinct evolutionary lineages now in sympatry and the mismatch 
distribution indicates a relatively large, stable population.  
The large Nef of 119 000–238 000 females indicates that the surface waters 
supporting transient feeding aggregations (nearly all of the living Rhincodon typus 
observations) are not the sole, or perhaps even principal, habitat of adult whale sharks. 
Recent telemetry studies demonstrate that whale sharks occupy habitat far from shore and 
often in relatively deep, cold water for transient periods (Wilson et al. 2006). Although 
whale sharks are not known to possess anatomical, physiological or behavioural 
adaptations to conserve heat, the large body mass of adults may provide sufficient 
thermal inertia to allow extended cold-water exposure (Sims 2003; Wilson et al. 2006). 
Regardless of the extent of geographical and vertical population movements, it is clear 
that much of the habitat for this species is still unknown, and population sizes may be 
considerably larger than previously assumed.  
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Population structure  
My genetic studies indicate that whale shark aggregations within ocean basins are 
substantially interconnected on an evolutionary timescale. Because a majority of my 
samples were collected from seasonal feeding aggregations (seven were from stranded or 
fishery-caught sharks), I cannot determine whether this pattern is due to ocean-wide 
interbreeding or to physical mixing in seasonal foraging areas of sharks from different 
breeding populations. In genetic studies of organisms with complex, multiphasic life 
histories, conclusions regarding population subdivisions are fundamentally influenced by 
the particular life-history phase sampled (Bowen & Karl 2007). It is possible that whale 
shark populations consist of discrete, differentiated breeding units, which would not be 
detected in a survey of feeding aggregates. Regardless, my finding of haplotype sharing 
between ocean basins is consistent with the potential for global migrations allowing for 
population mixing over large distances. If this is the case, any breeding population 
subdivision would likely be primarily based on behavioural attributes. Clearly, more 
research on the basic life history of whale sharks is needed before questions of complex 
population structure in whale sharks can be addressed.  
Whale shark population structure is low, even against the standards of large 
migratory fishes and whales. Bluefin tuna (Thunnus thynnus) show subtle ("ST = 0.013) 
but significant population structure between the western Atlantic Ocean (Gulf of Mexico) 
and the Mediterranean Sea, separated by ~11 000 km (Carlsson et al. 2007). The sailfish 
Istiophorus platypterus also is divided among ocean basins with significant population 
structure within the Pacific Ocean (Graves & McDowell 2003). Blue marlin (Makaira 
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nigricans) are strongly divided among ocean basins ("ST = 0.217, Buonaccorsi et al. 
2001). Whales show similar patterns of inter-ocean differentiation. Humpback 
(Megaptera novaeangliae, Baker et al. 1994), minke (Balaenoptera acutorostrata, van 
Pijlen et al. 1995), fin (Balaenoptera physalus, Bérubé et al. 1998), and Cuvier’s beaked 
(Ziphius cavirostris, Dalebout et al. 2005) whales all have pronounced inter-ocean 
subdivision and some population structure within ocean basins. Barriers to movement 
within and between ocean basins generally appear to be stronger for most whales and 
large pelagic fishes than for whale sharks. These comparisons indicate that pelagic 
expanses can be barriers to highly mobile species, whereas the only apparent barriers to 
whale sharks may be geological and thermal (see below).  
 
Marine phylogeography  
In recent years there has been renewed interest in the biogeographical barrier 
between the Indian and Pacific oceans, enhanced by substantially lower sea levels during 
glacial maxima. While this barrier is consistent with evolutionary separations in small 
marine invertebrates (Barber et al. 2000), it is a less substantial, albeit still significant, 
population barrier to marine fishes and sharks (Chenoweth & Hughes 2003; Duncan et al. 
2006; Keeney & Heist 2006; Craig et al. 2007). Whale shark dispersal ability appears to 
be unimpeded by this intermittent barrier. It is not clear why some species are affected 
more than others by historical barriers across the Indo-Pacific region, although habitat 
preference is likely a dominant influence (Rocha et al. 2002) and pelagic species may 
disperse more effectively than reef-associated organisms. Over evolutionary time, whale 
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shark migratory routes may be flexible enough to accommodate newly submerged 
habitats or perhaps connectivity can be quickly re-established after glacial intervals of 
tens of thousands of years.  
The last tropical connection between the Atlantic and Indo-Pacific Oceans ended 
with the rise of the isthmus of Panama, about 3.5 million years ago (Coates & Obando 
1996). In contemporary biogeography, the southern extensions of Africa and South 
America are regarded as formidable impediments to tropical connectivity. Faunas of the 
Atlantic and Indo-Pacific oceans share connections on a scale shorter than 3.5 million 
years, however, indicating dispersal around southern Africa (Bowen et al. 1998, 2001). 
Such exchanges are rare because of the cold Benguela Current along western South 
Africa (Gibbons & Thibault-Botha 2002), and might occur on a scale of 105–106 years 
(Roberts et al. 2004; Rocha et al. 2005; Bowen et al. 2006).  
In a compilation of whale shark strandings and sightings in South Africa, Beckley 
et al. (1997) confirmed the occurrence of whale sharks along the frigid Atlantic coast. To 
explain the sporadic stranding in this area, they suggested that sharks arriving from the 
Indian Ocean succumb to the cold upwelling water and quickly perish. In contrast, 
Wilson et al. (2006) demonstrated that whale sharks can inhabit cold water, although 
perhaps not indefinitely. Whale shark dives have recently been recorded to ~1400 m 
(R.E. Hueter, J. Tyminski, C. Simpfendorfer, R. de la Parra, M. Trigo Mendoza, 
unpublished. data). A deep, hour-long, cold-water dive in the tropics can be offset with a 
return to warm surface waters. In the Benguela upwelling system, however, cold water 
extends to the surface and no such relief is possible. Nonetheless, the sharing of 
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haplotypes between Atlantic, Indian, and Pacific Ocean locations indicates a relatively 
recent connection via southern Africa. Whale sharks could have moved between the 
Atlantic and Indian oceans during a hiatus of Benguela upwelling that occurred between 
Pleistocene glacial epochs (Chang et al. 1999; Flores et al. 1999). Immediately following 
each ice age (100 000 to 400 000 years ago, but most recently 10 000 to 20 000 years 
ago), tropical plankton appears in sediment cores off southwestern Africa, indicating an 
avenue of warm water into the south Atlantic (Peeters et al. 2004). Contemporary 
movement is also possible. Warm-core gyres from the Indian Ocean occasionally become 
entrained in the northward moving Benguela Current, feeding into the central Atlantic 
Ocean (Flores et al. 1999; Penven et al. 2001). Warm core gyres originating from the 
North Atlantic Gulf Stream are thought to be responsible for sightings of whale sharks in 
cold temperate areas such as the Bay of Fundy (44°15!N; Turnbull & Randell 2006). 
Regardless, historic or ongoing gene flow is apparently limited as indicated by the 
significant global "ST = 0.107.  
 
Conservation implications  
This first worldwide genetic survey of whale sharks indicates significant 
population structure on a global scale. Management units for whale sharks may span over 
8000 km in the Atlantic Ocean, and over 16 000 km in the Indian-Pacific Ocean. Any 
management plan for whale sharks must consider that feeding aggregations may draw 
individuals from an ocean-wide population to a single location. Unilateral management in 
any single political jurisdiction will be inadequate for a highly mobile species that travels 
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through multiple political jurisdictions. Indeed, tracking studies and my mtDNA data 
both indicate that management plans for the Earth’s largest fish will, at a minimum, 
require ocean-basin-wide cooperation and governance.  
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CHAPTER THREE 
PHYLOGEOGRAPHY OF THE BULL SHARK (CARCHARHINUS LEUCAS) IN 
THE WESTERN ATLANTIC, AS INFERRED FROM MITOCHONDRIAL AND 
MICROSATELLITE DNA 
 
SYNOPSIS 
The bull shark (Carcharhinus leucas) is a widely distributed, large coastal species, able 
to swim long distances rapidly. These characteristics coupled with its long life span and 
late maturity would suggest that global genetic exchange among bull shark populations is 
significant.  On the other hand, recreational fishery data that shows localized depletion of 
bull shark populations following targeted removal imply that the species may exhibit 
philopatry during parts of its life history. I examined genetic variation on the 
mitochondrial DNA control region sequences and five nuclear microsatellite loci in bull 
sharks sampled from the Gulf of Mexico, the East coast of the US and the Brazilian coast 
to investigate the genetic structure of the species. Strong significant genetic structure was 
observed between the Brazilian and all northern populations for the mtDNA control 
region (pairwise #ST > 0.8, P < 0.001), but not for the nuclear microsatellite. Reduced 
genetic differentiation was also observed between adjacent northern populations. These 
results are congruent with restricted maternal gene flow between populations as a 
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consequence of female nursery site fidelity.  The philopatric tendencies as well as the 
relatively low levels of genetic diversity observed raises concerns about the conservation 
of this species, which may require both international and local management strategies. 
 
INTRODUCTION 
 
One of the most common misconceptions about ocean resources is that they are as 
vast and abundant as the ocean per se. This is even worse when the resources in question 
are widely distributed such as sharks and rays. Their wide distribution often gives the 
false impression that they are suitable to be locally and heavily exploited, as a virtually 
unlimited resource, constantly renewed by adjacent populations. Some widely distributed 
and highly vagile marine fish species do exhibit little population structure and 
constituting a single panmictic population (stock) in which local exploitation could be 
compensated by reinforcements from adjacent populations (Grant & Bowen 1998; 
Waples 1998; Graves, 1998). On the other hand, the vastness of a species distribution 
often conceals regional biological processes that may result in lower population 
connectivity than expected given their cosmopolitan distribution. For instance, the 
complex interactions of coastal species with the coastal environment, especially in 
nursery areas, may limit their dispersal (Simpfendorfer & Milward 1993) resulting in 
subdivided populations. In resource management, the failure to detect population 
subdivision or isolation may result in localized extirpation and reduced overall 
recruitment due to overfishing. 
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Commonly, coastal shark species assemble at distinct areas for mating, 
parturition, and young maturation (Simpfendorfer & Milward 1993). These areas 
primarily are shallow, near-shore areas of high productivity that are thought to provide 
young sharks with food and protection from predators. The degree of segregation to these 
sites, and more importantly the fidelity (philopatry), could define the likelihood of 
population subdivision and genetic divergence among different sites (Hueter et al. 2005). 
Evidences for different degrees of philopatry in sharks have been accumulated in recent 
years from different sources of data, such as tagging/tracking, commercial fisheries, and 
genetic studies (see Hueter et al. 2005 for a review). Some sharks are strongly philopatric 
in portions of their ranges (especially nursery areas), whereas many others may be at least 
moderately philopatric for nurseries, mating areas, feeding areas or other locations.  
Molecular approaches that look at genetic differences in mitochondrial markers, nuclear 
markers, or both, have been very useful in determining the degree of population 
subdivision in a variety of species (Avise 2004; Bowen & Karl 2007; Handley & Perrin 
2007; Rocha et al. 2008). Interestingly, the difference in the inheritance pattern of the 
nuclear and the mitochondrial (mt) DNA markers is useful in detecting differences in the 
philopatric behavior of sexes individually. Nuclear markers are bi-parentally inherited 
whereas mtDNA is strictly maternally inherited in many species. Differences in the 
degree of population subdivision estimated from nuclear versus mtDNA data can indicate 
sex-specific or sex-biased dispersal. In fact, inferences from recent genetic work on 
sharks suggest that females exhibit a greater degree of reproductive philopatry than males 
resulting in stronger genetic structure seen with mtDNA than with nuclear loci 
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(Carcharodon carcharias, Pardini et al. 2001; Negaprion brevirostris, Feldheim et al. 
2002, 2004; DiBattista et al. 2008; Schultz et al. 2008; Carcharhinus limbatus, Keeney et 
al. 2005; Sphyrna lewini, Duncan et al. 2006). Whether or not a shark species exhibits 
philopatry to a particular nursery area (either sex-specific or not) has important 
implications for the spatial scale of its management and conservation. 
One shark species intimately associated with nursery areas is the bull shark 
Carcharhinus leucas (Valenciennes, 1839). This is a large coastal species that occurs in 
tropical and subtropical waters worldwide, including some river systems and freshwater 
lakes (Thomerson et al. 1977; Montoya & Thorson 1982; Pillans & Franklin 2004). Like 
other shark species, they use estuarine areas as nursery grounds, with young sharks 
staying in the nurseries for long periods, although the time of residency may vary 
depending upon the age of the animal and physical characteristics of the estuary 
(Simpfendorfer et al 2005; Heupel & Simpfendorfer 2008; Yeiser et al. 2008).  
With the aid of advanced of acoustic monitoring studies, especially in the 
northwest Atlantic and Gulf of Mexico (Heupel et al. 2006; Heupel & Simpfendorfer 
2008; Yeiser et al. 2008; Simpfendorfer et al. 2008), a great amount of information 
regarding habitat use, home range and movement patterns of juvenile bull sharks has 
accumulated. Much less, however, is known about the migratory patterns and habitat use 
of adults of this species (Yeiser et al. 2008). It is known that adult C. leucas are able to 
swim long distances relatively rapidly (Kohler & Turner 2001; Martin 2005). This 
characteristic coupled with its long longevity and late sexual maturity would suggest that 
global genetic exchange among bull shark populations is significant (Branstetter & Stiles 
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1987). But how does the close association of this species to estuaries affect the genetic 
structure of the populations? Is there sex-biased dispersal? Does the more pelagic habit of 
adult bull sharks translate into a less genetic structure and differentiation among 
populations? Understanding these, and other basic aspects of bull shark biology, is 
essential for the proper conservation and management of this species.  
Bull sharks are taken commercially and recreationally as part of the large coastal 
shark fishery complex in the Gulf of Mexico and northwest Atlantic and this species 
complex is currently considered overfished (Cortés et al. 2002). Although the current 
population trend for this species is unknown, there are fairly recent indications of long-
term decline in estuarine populations in the Gulf of Mexico (O’Connell et al. 2007; 
Heithaus et al. 2007). In the southwest Atlantic the situation is even worse as virtually 
nothing is known for the species, and the few anecdotal reports picture an intense 
exploitation of the species by the vast artisanal fleets that sweep the Brazilian continental 
shelf. In the Amazon-Tocantins estuaries, juvenile bull sharks have been commercially 
targeted and tons of sharks are landed every year (P. Chavert-Almeida unpublished data). 
The vastness of this estuary and the presence of bull sharks would suggest that it might be 
an important nursery area not only for the local population but also for western Atlantic 
population as a whole. Unfortunately, the tendency of bull sharks to aggregate in 
estuaries and freshwater areas that are heavily impacted and modified by human 
activities, coupled to the fact that they are common as bycatch in many inshore fisheries, 
makes this species vulnerable to local extirpation and possible localized extinction 
(Heupel & Simpfendorfer 2002; Martin 2005). 
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In this study, I used mtDNA control region (CR) sequences and five nuclear 
microsatellite loci to examine the genetic structure of bull sharks in the western Atlantic. 
The goal was to determine and compare the extent of mtDNA and nuclear differentiation 
throughout the study area. Here, I present evidence of differential patterns of genetic 
variation for the mitochondrial and nuclear markers, with marked population genetic 
structure between the northern and southern populations seen with the mtDNA but not 
nuclear data, supporting female philopatry and male-biased dispersal. 
 
MATERIAL AND METHODS 
 
Sampling and laboratory procedures 
 To investigate the genetic structure of the bull shark, Carcharhinus leucas, tissue 
samples were obtained from the northwestern Atlantic, USA (N = 19) and Gulf of 
Mexico, USA (N = 78) by the Commercial Shark Fishery Observer Program. Samples 
from the southwestern Atlantic (N = 56) were also obtained from fishermen in the Ver-o-
peso market in Belém, Brazil. Information on the location where sharks were captured, as 
well as date, time, and catch methods were recorded for each sample. All samples were 
preserved in either 95% ethanol or salt-saturated dimethyl sulphoxide (DMSO) solution 
and stored at room temperature. Total cell DNA was extracted using a phenol–
chloroform–isoamyl alcohol protocol (Sambrook et al. 1989) or 5% Chelex nonboiling 
protocol (Walsh et al. 1991). The mitochondrial CR was initially amplified using the 
primer 6 (5’ – TTGGCTCCCAAAGCCAARATTCTG – 3’) and primer 3 (5’ – 
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GTGGCTTAGCAAGARGTCTTG – 3’), both developed by Kitamura et al. (1996) and 
prime inside the tRNA
Pro
 and the 12S rRNA gene, respectively. Due to two long strings 
of A/T’s at about 790bp and 950bp of the CR, two internal primers flanking the string of 
A’s were designed to facilitate sequencing of the gene in both directions (e.g., the 
forward primer CleCR-F, 5’ – TCTAGTTCCCTTTAATGGCATATTT – 3’, and the 
reverse primer CelCR-R, 5’ – GTTTTTCGAGACAACCGTGT – 3’). 
Amplification reactions were carried out in 50 &L volumes consisted of 1X 
buffer, 0.04 u/µL of IMMOLASE DNA polymerase (Bioline Inc., Boston, MA, USA), 
0.4 mM dNTPs, 4 mM MgCl2, 3 mM of each primer, 1 mg/µL bovine serum albumen, 
and 1 – 2 µL of template. Cycling conditions consisted of 95° C 7 min, 35 cycles of 95° 
C 45 s, 56° C 60 s, and 72° C 90 s with a final extension at 72° C for 7 min. Amplicons 
were purified with QIAquick kit (QIAGEN, Inc., Valencia, CA, USA) following the 
manufacturers instruction. Both strands were sequenced using an ABI 3730XL Genetic 
analyzer (Applied Biosystems, Inc., Foster City, CA, USA).  
Polymerase chain reaction (PCR) was also used to amplify five microsatellite loci 
developed by Keeney & Heist (2003) for the blacktip shark, Carcharhius limbatus. The 
forward primers for loci Cli-7, Cli-106, Cli-107, Cli-108, and Cli-112 were fluorescently 
labeled (Applied Biosystems, Foster City, CA, USA) and each pair of primers used 
individually in amplification reactions of 12.5 µL volumes consisted of 1X buffer, 0.8 - 
0.15 u/µL of Taq or IMMOLASE DNA polymerase (Bioline Inc.), 0.2 mM dNTPs, 2 - 3 
mM MgCl2, 0.1 - 0.3 µM of each primer, 4 mg/µL bovine serum albumen, and 1 – 2 µL 
of template. Cycling conditions consisted of 95° C 7 min, 35 cycles of 95° C 30 s, 50-56° 
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C (depending on primer) 30 s, and 72° C 60 s with a final extension at 72° C for 5 min. 
The PCR products were pulled and resolved with an ABI 3100 automated sequencer and 
visualized using GeneMarker software version 1.7  (Soft Genetics LLC, State College, 
PA, USA). 
 
Data analysis 
Two fragments of the mtDNA CR, representing both the 5’ (~ 650 bp) and 3’ (~ 
145 bp) ends of the gene, were sequenced and analyzed as a single fragment. The 
alignments were optimized in Sequencher 4.1 (Gene Codes, Ann Arbor, MI, USA). 
Summary statistics (number of haplotypes, haplotype frequencies, number of 
polymorphic sites, number of transition and transversions, and nucleotide composition) 
were estimated in ARLEQUIN 3.11 (Excoffier et al. 2005). Individuals were binned into 
four groups defined by geographical region where the samples were collected: eastern 
coast of Florida (EFL, N = 12), Gulf coast of Florida (GFL, N = 12), northern Gulf of 
Mexico (NGM, N = 9) and Brazil (BRZ, N = 49). Genetic diversity within regions was 
measured as the number of mitochondrial haplotypes, haplotype diversity (h), and 
nucleotide diversity (!) estimated with Nei’s corrected average genetic divergence (Nei 
1987) incorporating Tamura & Nei’s (1993) model of sequence evolution with 
ARLEQUIN. A mismatch distribution was constructed with ARLEQUIN (Roger & 
Harpending 1992), where a unimodal distribution would suggest that the population has 
undergone a rapid expansion. 
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Microsatellite genotypes were determined manually using the GeneMarker (Soft 
Genetics LLC, State College, PA, USA). Sharks missing data at more than three loci 
were omitted from the analyses (N = 9). Similar to the mtDNA analysis, individuals were 
binned into geographic regions. Numbers of alleles per locus, expected and observed 
heterozygosities, deviations from Hardy-Weinberg expectations for each locus within 
each sampled region, and tests of linkage disequilibrium between all pairs of loci within 
each region and overall were calculated with GENEPOP version 3.3 (Raymond & 
Rousset 1995). Significance of deviations from Hardy-Weinberg expectations was 
determined using the Markov chain exact probability test of Guo & Thompson (1992) 
and significance of linkage disequilibrium values was determined with Fisher's exact test 
as implemented in GENEPOP version 3.3. 
Population subdivision and structure were estimated using an analysis of 
molecular variance (AMOVA; Excoffier et al. 1992) for both CR haplotypes and 
microsatellite genotypes, and pairwise population "ST significance test (Cockerham & 
Weir 1993) as implemented in ARLEQUIN. Significance of "ST was determined via 
nonparametric permutation (Excoffier et al. 1992) with 1 000 data permutations. 
Population differentiation also was tested using the Raymond & Rousset (1995) test 
based on mtDNA haplotype frequencies. The program STRUCTURE (version 2.2) was 
also used to evaluate population genetic subdivision by clustering individuals into 
subpopulations based on the genetic signature of the microsatellite loci. First, the number 
of subpopulations (K) was estimated with five independent runs of K= 1- 6. All runs 
were performed with 400 000 MCMC repetitions and 400 000 burn-in period using no 
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prior information and assuming correlated allele frequencies and admixture. The 
posterior probability was then calculated for each value of K using the estimated log-
likelihood of K and a likelihood ratio test was used to choose the optimal number of 
subpopulations (Pritchard et al. 2000).  
 
RESULTS 
 
Summary statistics 
Of the 144 samples collected, the mitochondrial CR of 82 sharks was partially 
sequenced. For a few sharks, the complete CR was obtained after using different internal 
primers that allowed overcoming two A/T rich regions within the CR (at about 790 and 
950 bp). For most of the sharks, however, these long strings of A/Ts did not yield good 
sequences, resulting in regions of ambiguity which required trimming 107 bp at the 5’ 
end of the gene as well as 177 bp starting at position 794 of the gene segment. In one 
shark (BS95) there was an insertion of 12 bp followed immediately by a deletion of 10 
bp, starting at position 677. This indel was treated as a single event and coded as single 
nucleotide transversion (G-T).  The resulting fragment of 791 bp was of 13.5% guanine, 
30.4% adenine, 35.7% thymine, and 20.4% cytosine. There were a total of 15 
polymorphic sites, with 14 substitutions (11 transitions and 3 transversions) and one 
indel, resolving 14 haplotypes. Overall haplotype diversity (h) and nucleotide diversity 
(!) were 0.69 and 0.28 %, respectively (Table 5).  
As shown in Table 6, nine of the 14 haplotypes were singletons. The haplotype 
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H1 was the most prevalent, found in 50% of all sharks, and all but one of them was from 
the Brazilian sample. The only location where this haplotype was also found was off 
North Carolina, USA (here binned with the EFL population). No other haplotypes were 
shared between the southern and the northern samples. In the northern samples, two 
haplotypes (H7 and H9) were found in 81.8% of the bull sharks sampled. Haplotype H7 
was found in 57.6% of these individuals and was shared among all three northern 
locations (Table 6). The observed haplotype mismatch distribution was congruent to the 
sudden population expansion model (Figure 7). 
Genotypes of most of the 144 sharks sampled were determined for five 
microsatellite loci. The total number of alleles and observed heterozygosities for each 
locus ranged from 7 to 41 (mean = 30) and 0.371 to 1.000 (mean = 0.833), respectively. 
Number of individuals analyzed, number of alleles, observed heterozygosity (HO), 
expected heterozygosity (HE,) and deviation from the Hardy-Weinberg expectation (FIS) 
for each locus within each location are provided in Table 7. Four out of the 20 tests of 
Hardy-Weinberg equilibrium within sample locations indicated significant heterozygote 
deficiency. After the sequential Bonferroni adjustment (adjusted ' = 0.007), only two 
locus-sample failed the test (Table 7). Globally, there was no significant linkage 
disequilibrium, supporting the independent assortment of alleles at different locus. 
The AMOVA indicated a significant genetic structure with mtDNA (Table 8) and 
most of the genetic variability (80.6%) was attributable to variance among locations, with 
only 19.4 % within populations. Strong population structure was detected between the 
Brazilian population and all northern Atlantic populations, but it was not detected 
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between adjacent populations such as between the Gulf of Mexico populations and 
between both coasts of Florida (Table 8). A slight significant difference was observed 
between samples collected in the NGM and in the EFL. The same pattern of genetic 
structure was obtained with the test of exact population differentiation based on 
haplotype frequencies (Raymond & Rousset, 1995) (data not shown). The statistical 
parsimony network of the mtDNA haplotypes (Figure 8) reflects the phylogeographic 
clustering of the sharks into two large groups corresponding to the northern and the 
southern samples.  
The microsatellite data, on the other hand, do not support the genetic structure 
observed with mtDNA ("ST = 0.0016, P>0.05). Significant, but weak genetic structure 
was only detected between sharks collected on the Brazilian coast and the GFL (Table 8), 
although it was not supported by the exact test of sample differentiation (Raymond & 
Rousset 1995) (data not shown). Even after removing the Cli112 locus from the analysis 
(as it failed to meet the Hardy-Weinberg equilibrium in 3 populations before the 
sequential Bonferroni adjustment and two after) a similar pattern of genetic homogeneity 
among locations was obtained, including now the absence of genetic differentiation 
between BRZ and GFL. In order to confirm that the lack of genetic heterogeneity 
observed with the microsatellite was not an artifact created by binning sharks sampled in 
geographically proximate locations, I applied the Bayesian likelihood algorithm of 
clustering individuals into subpopulations as implemented in STRUCTURE (Version 
2.2). Among all runs, K=1 had the highest likelihood and smallest variance, supporting 
the scenario of panmixia for the microsatellite data (data not shown).  
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Table 5 - Location, number of individuals (N), number of haplotypes (n), haplotype (h) and 
nucleotide (!) diversity estimates and standard deviations observed in the CR of the 
bull sharks sampled. 
 
Locations N n h ! 
EFL 09 4 0. 70 ± 0.09 0.0015 ± 0.0011 
GFL 12 5 0.72 ± 0.11 0.0011 ± 0.0009 
NGM 12 2 0.22 ± 0.17 0.0006 ± 0.0006 
BRZ 49 7 0.33 ± 0.09 0.0006 ± 0.0006 
TOTAL 82 14 0.69 ± 0.04 0.0028 ± 0.0017 
 
44 
 
Table 6 - Geographic distribution of haplotypes found in 82 bull sharks. Sample 
locations were grouped by geographic proximity (EFL – East coast of Florida, 
GFL – Gulf coast of Florida, NGM – Northern Gulf of Mexico, BRZ – Brazil). 
 
 Geographic location  
Haplotype EFL GFL NGM BRZ Total 
H1 1 0 0 40 41 
H2 0 0 0 2 2 
H3 0 0 0 3 3 
H4 0 0 0 1 1 
H5 0 0 0 1 1 
H6 0 0 0 1 1 
H7 0 0 0 1 1 
H8 5 6 8 0 19 
H9 5 3 0 0 8 
H10 0 1 0 0 1 
H11 0 1 0 0 1 
H12 0 1 0 0 1 
H13 1 0 0 0 1 
H14 0 0 1 0 1 
TOTAL 12 12 9 49 82 
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Table 7 - Summary of microsatellite data for each bull shark population and overall. 
Number of samples (N), number of alleles (NA), observed (HO) and expected 
(HE) heterozygosity, and inbreeding coefficient (FIS, negative values = 
heterozygote excess and positive values = heterozygote deficiency) for bull 
sharks. Bolded values deviate from the Hardy-Weinberg expectation and ones 
marked with * remain significant after sequential Bonferroni correction. 
  Microsatellite loci 
Populations Parameters Cli007 Cli107 Cli106 Cli108 Cli112 All loci 
EFL N 19 19 19 19 19 19 
 NA 19 13 5 16 23 76 
 HO 1.000 0.895 0.684 0.947 0.947 0.895 
 HE 0.946 0.858 0.648 0.917 0.971 0.868 
 FIS -0.057 -0.043 -0.056 -0.034 -0.024 -0.047 
GFL N 35 34 35 33 34 35 
 NA 31 15 4 24 28 92 
 HO 0.943 0.912 0.371 0.970 0.882 0.813 
 HE 0.956 0.869 0.429 0.910 0.967 0.824 
 FIS 0.014 -0.050 0.133 -0.066 0.088 -0.009 
NGM N 36 36 33 27 28 36 
 NA 25 18 5 15 28 91 
 HO 0.944 0.889 0.485 0.926 0.714 0.794 
 HE 0.951 0.838 0.419 0.899 0.974 0.811 
 FIS 0.007 -0.061 -0.158 -0.030 0.266* -0.044 
BRZ N 54 55 45 55 47 55 
 NA 28 23 4 29 30 114 
 HO 0.907 0.836 0.644 0.982 0.787 0.840 
 HE 0.949 0.872 0.595 0.948 0.960 0.872 
 FIS 0.044 0.041 -0.083 -0.036 0.180* 0.001 
Total N 144 144 132 134 128 128-144 
 NA 39 28 7 37 41 152 
 HE 0.951 0.861 0.514 0.924 0.966 0.847 
 FIS 0.014 -0.016 -0.046 -0.042 0.151 0.0184 
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Table 8 – Estimate of pairwise #ST values using Tamura and Nei (1993) genetic distance 
for control region sequences (above diagonal) and for the microsatellite 
(below) of the bull shark. Bolded values are significant at P < 0.05. 
 
 BRZ NGM GFL EFL 
BRZ - 0.887 0.858 0.813 
NGM 0.002 - 0.052 0.247 
GFL 0.009 -0.010 - 0.052 
EFL 0.001 -0.009 0.004 - 
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Figure 6 – Geographic distribution of the bull shark specimens sampled. Sharks sampled 
off the eastern coast of Florida, as well as two sharks from off Georgia and 
one shark from off North Carolina were treated as population EFL; sharks 
sampled off the Gulf coast of Florida were treated as GFL; sharks sampled in 
the northern Gulf were treated as NGM; sharks sampled off the northern coast 
of Brazil were treated as BRZ.  
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Figure 7 – Haplotype mismatch distribution for bull sharks with the observed values as 
bars and a solid line representing the expected distribution according to the 
sudden expansion model. 
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Figure 8 – Statistical parsimony network of haplotypes of bull sharks. All haplotypes are 
separated by one mutation and solid black circles represent hypothetical 
haplotypes not sampled on the study. The sizes of the circles are proportional 
to the frequency of the haplotypes. 
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DISCUSSION 
 
Genetic diversity 
In my study, strong genetic subdivision among bull shark populations was 
detected with the mtDNA CR, but no substantial significant structure for the nuclear 
microsatellites. This is the first study to apply a large sample size and data set to better 
investigate the genetic diversity and structure of the western Atlantic bull shark 
populations. This work extends the pioneering systematic study of Kitamura et al. (1996), 
where segments of the CR (484 bp) and cytochrome b (405 bp) of bull sharks were 
analyzed, In this study, the main goal was to address taxonomic issues regarding 
freshwater and marine bull sharks and assess if they were a single species. The small 
sample size in that study, however, precluded any inferences on the population genetic 
structure of the species. In my study the overall haplotype diversity observed for the 
mtDNA CR of the bull shark (h = 0.67 ± 0.04) was relatively low for this large coastal 
and geographically widespread shark. Other surveys of genetic diversity in sharks, 
usually sampling over much larger geographic scales, have shown higher CR haplotype 
diversity values for coastal species such as the blacktip shark, Carcharhinus limbatus (h 
= 0.84; Keeney & Heist 2006), scalloped hammerhead, Sphyrna lewini (h = 0.80; Duncan 
et al. 2006), lemon shark, Negaprion brevirostris (h = 0.78; Schultz et al. 2008); or for 
more pelagic species, such as basking shark, Cetorhinus maximus (h = 0.72; Hoelzel et 
al. 2006), and whale shark, Rhincodon typus (h = 0.97; Castro et al. 2007). The only 
exception is the sicklefin lemon shark, Negaprion acutidens, with the lowest haplotype (h 
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= 0.28) and nucleotide (! = 0.00056) diversities for any shark recorded to date (Schultz et 
al. 2008). At the same time, the overall nucleotide diversity (! = 0.0028) observed in bull 
sharks was also low (Grant & Bowen 1998), but falls well within the range (0.0011 – 
0.0041) for the above mentioned species (excluding the sicklefin lemon shark).  
Three things may contribute to the low mtDNA genetic diversity observed for bull 
sharks. The first is the sampling size and design. The observed diversity may be a 
consequence of the limited sampling coverage in a cosmopolitan species. Increasing both 
the number of sharks per sample as well as the number of locations sampled might result 
in larger genetic diversity estimates. In addition, there is also a difference in the way the 
samples were obtained. In the northwest Atlantic, the samples were obtained from the 
Commercial Shark Fishery Observer Program, which fishes outside of the nurseries areas 
targeting large individuals. The sampling of the Brazilian population was made by 
artisanal fishery, which targets animals of any size either inside or very close to the 
estuary. This might suggest that, in the Brazilian sample, there is a larger chance of 
sampling sharks that might be more closely related to each other (either full-sibs or half-
sibs), as they might belong to a same cohort. The samples collected in the Ver-O-Peso 
market, however, were obtained from boats fishing on different locations along the 800 
km of the Amazon mouth and vicinities, with a small chance of sampling bias as 
described above. In fact, looking at the diversity values for each one of the populations, it 
is clear that the NGM population, and not the Brazilian population, was the least diverse, 
even though the majority of the Brazilian population (>80%) possessed the same 
haplotype (H1).  
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The second aspect to consider regarding the bull shark mtDNA genetic diversity 
is the influence of the population decline due to anthropogenic threats, such as direct and 
indirect fishing pressure, habitat loss, pollution, global climate, among others. (see Martin 
2005 for a review). As mentioned before, the close association of the species to the 
highly impacted costal estuarine environment makes them more vulnerable and 
susceptible to human-induced population size reductions (Martin 2005). Although the 
extent of the human impact on bull shark population sizes is not clear, it is believed that, 
as other shark species, they are declining (see Heithaus et al. 2007; O’Connell et al. 
2007; P. Chavert-Almeida, pers. obs.). Despite that, it is important to point out that 
declining populations might retain historic levels of genetic diversity if the depletion has 
occurred only recently (Bowen et al. 2007), especially given the species’ longevity (16 
years) and that they required 6 to 8 years to reach maturity (Branstetter & Stiles 1987). 
Thus, any recent human impact on the population size may not be of sufficient duration 
to substantially reduce genetic variability.  
The third, and final, process that most likely explains low genetic diversity 
observed in the western Atlantic is a historical bottleneck event followed by a sudden 
population expansion (Grant & Bowen 1998). For the bull shark, the unimodal mismatch 
distribution did agree with the sudden expansion model after a bottleneck event (Slatkin 
& Hudson 1991). Keeney et al. (2003, 2005) hypothesized that bottleneck events may be 
responsible for low genetic diversity on the northwestern Atlantic population of blacktip 
sharks, a similar large coastal shark. Postglacial range expansion from the southern Gulf 
of Mexico – Caribbean populations into the nursery areas in the northwest Atlantic might 
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explain the lower diversity as well as the subset of Gulf of Mexico haplotypes found in 
there. Similar scenario of the postglacial colonization – recolonization in the NW Atlantic 
populations of bull sharks could explain its lower diversity (Avise 2000). The Atlantic 
population in this study (EFL) was sampled much further South than Keeney’s Atlantic 
blacktip shark population, and consequently closer to the putative southern Gulf of 
Mexico – Caribbean refugia which may explain its higher diversity. Regarding the BRZ 
population, additional data from both western and southern localities would be necessary 
before any conclusions could be drawn regarding the genetic diversity of the southern 
versus northern West Atlantic populations. 
It is worthy to point out that both sampling design and anthropogenic threats 
would also have a similar reducing effect on the genetic variability estimated by the 
nuclear marker, which was not the case in this study. Both the number of alleles and 
mean heterozygosity were higher than what was found for the blacktip shark, the species 
used to develop the microsatellite primers (Keeney & Heist 2003; Keeney et al. 2005). 
The historical population bottleneck, on the other hand, may have a different effect on the 
nuclear marker compared to the mtDNA, as the faster mutation rates of the 
microsatellites might allow the genetic variation to accumulate after the bottleneck event. 
 
Philopatry and Population structure 
In my study, I detected a high level of mtDNA population structure and genetic 
differentiation between the southern (BRZ) and all northern bull shark populations 
investigated. Among the northern populations, significant but slight structure was 
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observed only between the NGM population and the EFL population. No substantial 
significant structure was found for the nuclear microsatellites on any pairwise 
comparisons among all populations, although there was a slight, significant difference 
between BRZ and GFL. Such differences in the "ST estimate for nuclear and mtDNA 
suggests that females exhibit a greater degree of reproductive philopatry than males, 
resulting in a stronger genetic structure for the mtDNA marker, with a greater degree of 
male-mediated gene flow.  
Both tagging and acoustic monitoring data have shown a considerable philopatry 
to nursery estuaries for juvenile bull sharks. Pillans & Franklin (2004) suggested that site 
fidelity to nurseries of young bull sharks is due to their inability to regulate urea as adult 
marine individuals do. Heupel & Simpfendorfer (2008) demonstrated that bull sharks use 
the Caloosahatchee River estuary in Florida for long periods (up to 18 months), but they 
do not remain exclusively within the estuary during that time. Yeiser et al. (2008) also 
observed long-term use of the Pine Island Sound estuary by large juvenile bull sharks, 
with a marked variability of residency within the estuary. Simpfendorfer et al. (2005) 
observed larger bull sharks in the ocean outside of the estuarine system, and suggested 
the existence of a maturation-specific segregation along the Florida Gulf Coast and 
adjacent embayments.  
The observed philopatry of juvenile bull sharks coupled with the genetic structure 
found only in the maternally inherited mtDNA, support some level of natal area 
philopatry in adult female bull sharks. Other studies have shown genetic evidences for 
female, natal philopatry in sharks (Pardini et al. 2003; Feldheim et al. 2002; Schery & 
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Heist 2003; Lewallen et al. 2007; Schultz et al. 2008). Philopatric tendencies, however, 
can be strong or weak for a given species (Hueter et al. 2005). Keeney et al. (2005) found 
significant genetic structure for both nuclear and mitochondrial markers among blacktip 
shark nurseries, but larger mtDNA "ST values than those of nuclear markers. Based on 
the magnitude of the discrepancy in the genetic differentiation between markers, they 
suggested a stronger female philopatry for the species. Despite little genetic structure 
observed among nurseries linked by continuous coastline, Duncan et al. (2006) did not 
rule out the existence of female philopatry in the scalloped hammerhead. In that species, 
however, the female site fidelity is not as marked as for the blacktip shark give species, 
there is one in the Pacific and another in the Atlantic, and straying of female between 
proximal nursery areas may be the proximate cause of lower genetic structure.  
It was clear that very limited female-mediated gene flow occurs between the 
northern and southern West Atlantic populations of bull sharks. The lack of genetic 
separation for the nuclear microsatellite loci, however, indicates high levels of male gene 
flow, which would be expected for this widely distributed and vagile shark. Both 
pairwise "ST analyses and the Bayesian population clustering (using STRUCTURE) 
supported the existence of a single panmictic microsatellite population. Other studies 
using microsatellite also found no or very weak evidence of population structure in large 
widely distributed shark species, although they were applied for more pelagic species 
(Carcharodon carcharias, Pardini et al. 2001; Isurus oxyrinchus, Schrey & Heist, 2003). 
Schultz et al. (2008) also found evidence of nuclear gene flow among the western 
Atlantic populations of the lemon shark, a similar large coastal shark. Keeney et al. 
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(2005), on the other hand, found genetic differentiation of microsatellite between Gulf of 
Mexico and northwest Atlantic nurseries of the also large size coastal blacktip shark, C. 
limbatus. 
 
Conservation and management 
The strong mtDNA structure observed in this study raises concern about the 
conservation and management of bull shark populations. Given that it is clear that many 
shark species are philopatric (Hueter et al. 2005 and references therein; Keeney & Heist 
2006; DiBattista et al. 2008; Schultz et al. 2008), Hueter et al. (2005) emphasized the 
importance, at least from a conservation and management perspective, of abandoning the 
idea of sharks as oceanic nomads, but to embrace them as sophisticated long-distance 
travelers with complex interactions with particular areas in the environment where they 
live. As mentioned before, the vastness of the Amazon – Tocantins estuaries, coupled 
with the large number of bull sharks that visit this area (P. Chavert-Almeida, unpublished 
data) suggested that this could be an important nursery not only for local populations but 
for the larger southwestern Atlantic. There is much more to learn about the life history of 
bull sharks in the southwestern Atlantic, where the little information that is available is 
limited to anecdotal reports and a few obscure or dated publications (e.g. Sadowsky 
1971; Thorson 1972; Soto & Nisa-Castro-Neto 1998). What has been witnessed in the 
Amazon region, although not yet properly and systematically recorded, is a strong 
exploitation of bull sharks of all age classes. Young bull sharks are commonly captured 
by the large fleet of small boats that intensively explore the near coast and estuarine areas 
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with gillnets. Although intense, this fishery is not regulated, and very little information is 
known about catches and landings. There is also the presence of a commercial fishery 
that targets large coastal sharks, including the bull shark. Similarly to the artisanal 
fishery, the Brazilian commercial fishery is virtually unregulated, and poorly known. 
Demonstrating strong population subdivision, at least between hemispheres, indicates 
that bull shark nurseries may be more isolated that previously thought. This raises major 
concerns about the conservation of this population, as it demands local management 
strategies, but is still so poorly known. 
I believe that the Amazon estuary plays an important role in the biology of the 
southwestern Atlantic bull shark, and I encourage more studies on this region. For 
instance, additional data from both western and southern localities would be essential to a 
better understanding of the evolutionary events leading to such a low genetic diversity 
here presented. I also want to stress the critical need for a systematic study of the fishery 
on the Amazonian region, as well as the implementation of regulatory practices to protect 
the genetic diversity of the species. As shown here, the genetic connectivity between this 
and other populations may not be sufficient to compensate the local depletion in the 
population. 
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CHAPTER FOUR 
LOW GENETIC DIVERSITY IN THE NURSE SHARK (GINGLYMOSTOMA 
CIRRATUM) ACROSS THE WESTERN ATLANTIC 
 
SYNOPSIS 
The nurse shark (Ginglymostoma cirratum) is a coastal benthic species that inhabits 
tropical and subtropical shallow waters on both sides of the Atlantic Ocean, as well as 
eastern Pacific. Its disjunct distribution has always intrigued many biogeographers, as the 
species is known for its low vagility, which is confirmed by its characteristically benthic 
morphology and tendencies as well as empirical tagging data. Even so, both vicariant and 
dispersal hypotheses have been suggested to explain the nurse shark’s disjunct 
distribution. Here, I surveyed genetic diversity and population structure in individuals 
sampled from the western and eastern Atlantic and eastern Pacific using mtDNA control 
region (CR) DNA sequences and eight nuclear microsatellite loci. Eastern Atlantic and 
Pacific sample sizes are small and only provide meaningful results for the mtDNA. 
Genetic diversity estimated with the mtDNA fragment analyzed for western Atlantic 
nurse sharks was the second smallest ever recorded for sharks (h = 0.45 ± 0.04 $ = 
0.0004 ± 0.0004). My data indicated moderate, significant genetic structure with the 
mtDNA marker (#ST = 0.22, P<0.05) and no substantial structure with the nuclear data. I 
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conclude that the western Atlantic populations of nurse sharks have suffered from a 
population bottleneck as recent as the lower Pleistocene, which eroded its genetic 
diversity and also contributed to the relatively lower population structure estimated for 
the species. The data also indicated that dispersal rather than vicariance better explains 
the Atlantic distribution of nurse shark, and that the Pacific nurse shark might be a cryptic 
sister species to Ginglymostoma cirratum. 
 
INTRODUCTION 
 
A thorough understanding of the biogeographical and phylogeographical patterns 
shaping the distribution of fish in the Atlantic has been the goal of many biogeographers 
for years (Briggs 1995). The old, but still fascinating science of biogeography was 
created from the need to explain the geographic occurrences of species, with a special 
interest in those with discontinuous distributions (Briggs 1974). Many of the species are 
shallow (< 100 m) coastal, tropical and subtropical, benthic and benthopelagic teleosts, 
with relatively limited dispersal abilities outside of the egg or larval stages. For these 
species, both vicariant and dispersal hypotheses have been proposed to explain disjunct 
distributions (Floeter et al. 2008). With the advent of molecular techniques, it is possible 
to test these biogeographical hypotheses on many species, as well as estimate degrees of 
genetic differentiation and population structure along their distribution (Avise 2000; 
Rocha et al. 2008). 
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Besides teleosts, Atlantic elasmobranchs also have wide but disjunct coastal 
distributions. They lack pelagic larvae, which limits dispersal to active swimming by 
juvenile and adult individuals (Musick et al. 2004). Many large, coastal sharks are able to 
engage in long distance migrations, as shown both by tagging and acoustic monitoring 
data (Kohler & Turner 2001; Musick et al. 2004). In these potentially migratory coastal 
species, dispersal has been considered the major biogeographical mechanism explaining 
their wide, although disjunct, distributions. Dispersal also was thought responsible for 
maintaining genetic conductivity among populations. Regional and global surveys of 
genetic variation in coastal sharks, however, have shown that the genetic exchange 
among populations can be lower than what is predicted based simply on an adult 
migratory ability. Studies with large coastal and migratory species have found evidence 
of significant genetic structure among Atlantic populations (Carcharhinus limbatus, 
Keeney et al. 2005, 2006; Sphyrna lewini, Duncan et al. 2006; Negaprion brevirostris, 
Feldheim et al. 2001, Schultz et al. 2008; Carcharhinus leucas, Castro et al. chapter 
three). These studies highlighted the potential that female philopatry to natal nursery 
areas has produced multiple reproductive stocks, resulting in larger genetic differentiation 
in the mtDNA CR. Nuclear microsatellite markers, however, generally exhibit weaker 
structure, indicating significant male-mediated gene flow. Based on global 
philogeographical analysis, Duncan et al. (2006) suggested a significant role for dispersal 
across the Pacific in explaining the distribution of S. lewini in the East Pacific, using the 
South Pacific Island as stepping-stones. Keeney et al. (2006) recognized that an initial 
vicariant event (raise of the Isthmus of Panama) followed by historical dispersal in the 
61 
 
Pacific might also explain the occurrence of C. limbatus in the East Pacific.  
One species commonly found in the western Atlantic that fits the pattern of wide 
but disjunct distribution is the nurse shark, Ginglymostoma cirratum. Nurse sharks 
inhabit shallow, warmer waters along both the western (Rhode Island to Southern Brazil, 
including Gulf of Mexico, Bermuda, Bahamas, and the Caribbean) and eastern (Senegal 
to Gabon) seaboards of the Atlantic Ocean as well as the eastern Pacific seaboard (Gulf 
of California and southern Baja California and Mexico to Peru, Compagno 1984). Unlike 
the other species of sharks mentioned above, nurse sharks are remarkably sedentary. 
Tagging studies have shown that nurse sharks have very restricted movement (Kato & 
Carvallo 1967, Carrier 1985). The longest migration distance ever recorded was by 
Kohler & Turner (2001) who reported tagging an animal in The Dry Tortugas, FL, and 
recapturing it 7.8 years later off Palm Bay in central east Florida, a minimum distance of 
~541 Km along the shallow Florida coast. Based on the low vagility of the species, and 
its benthic habit associated to shallow waters, vicariant forces rather than dispersal have 
been proposed as a mechanism to explain the amphi-Atlantic and amphi-American 
distribution of nurse sharks. Musick et al. (2004), for example, pointed out that the genus 
first occurred in the fossil record in the Lower Cretaceous of Lithuania into the Miocene 
with no fewer than 12 fossil species recorded from the eastern USA, the Caribbean, 
western Europe, and North and West Africa, which may support to the vicariant 
hypothesis (Cappetta 1987). Even if one accepts vicariance as responsible for the 
distribution of nurse sharks, questions still remain about the level of genetic connectivity 
among regional populations. It seems likely that nurse shark populations connected by 
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continuous coastline would be more genetically homogenous than populations isolated by 
large expanses of water (i.e., East and West Atlantic). Even so, as with other sharks, 
nurse sharks may demonstrate site-fidelity affecting gene flow even among regional 
populations.  
In this study I present a survey of the genetic variation in nurse shark populations 
sampled in the mid- to northwestern Atlantic with both mitochondrial CR and nuclear 
microsatellite markers. The goal was to evaluate the genetic diversity and structure of 
nurse shark populations and to address the probability of vicariance versus dispersal 
hypotheses in explaining their biogeographic distribution. 
 
MATERIAL AND METHODS 
 
Sampling and laboratory procedures 
 I collected a total of 153 samples along the western Atlantic (Fig. 9). Tissue 
samples were obtained from the northeastern coast of Brazil in the Atol das Rocas 
Biological Reserve (ATL; N = 9), Fernando de Noronha National Park (FNR; N = 34) 
and off Natal City, Rio Grande do Norte state (NTL; N = 15). I also obtained samples 
from Bimini, Bahamas (BMN; N = 23), from off the southern Florida coast, mainly Big 
Pine Island (FLD; N = 37), and from the Caribbean coast of Belize (BLZ; N = 35).  Two 
additional samples were collected from Sao Tome and Principe, on the African coast 
(AFR), as well as one sample from the Pacific coast of Panama (PNM). All samples were 
preserved in either 95% ethanol or salt-saturated dimethyl sulphoxide (DMSO) solution 
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and stored at room temperature. The total DNA was extracted using a phenol–
chloroform–isoamyl alcohol protocol (Sambrook et al. 1989) or using the QIAGEN 
DNeasy kit, according to the manufacturer’s instructions (QIAGEN, Inc., Valencia, CA, 
USA).  
Two sets of primers were used to amplify the control region of the nurse shark. 
The forward primer, PR1 (5’ – CATATTAAACCCGAATGATAYTT-3’), sits in 
cytochrome b, and the reverse primer, PR2 (5’ – GCTGAGTAAAGCTTAATATG – 3’), 
sits approximately 350 bp into the control region. Together, these primers amplified the 
5’end of the CR as well as part of the cytochrome b, tRNA
Pro
, and tRNA
Thr
. The forward 
primer, PR3 (5’ – TTGGCTCCCAAAGCCAAGATTCTACC – 3’), sits in the tRNA
Pro
, 
and the reverse primer, PR4 (5’ – CCGACTAAGCAGGAATGTGC – 3’), sits in the 3’ 
end of the CR. Together, both primer pairs amplified the entire 5’ end of the CR which is 
though to be the most variable part of that gene (Kocher et al. 1989; Lee et al. 1995; 
Castro et al. 2007). 
 Amplification reactions were carried out in 50 &L volumes consisting of 1X 
buffer, 2 units of IMMOLASE DNA polymerase (Bioline Inc., Boston, MA, USA), 0.4 
mM dNTPs, 4 mM MgCl2, 0.3 &M of each primer, 0.08 &g/µL bovine serum albumen, 
and 0.75 - 1 µL of total cell DNA (concentration unknown). Cycling conditions consisted 
of 95
 
C 7 min, 40 cycles of 95
 
C 45 s, 58
 
C 60 s, and 72
 
C 90 s with a final extension at 
72
 
C for 7 min. Amplicons were purified with QIAquick kit (QIAGEN, Inc., Valencia, 
CA, USA) following the manufacturers instruction. Both strands were sequenced and run 
on an ABI 3730XL Genetic analyzer (Applied Biosystems, Inc., Foster City, CA, USA).  
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A total of eight, polymorphic microsatellite loci were PCR amplified using 
primers developed for the nurse shark by Heist et al. (2003). The forward primer for the 
loci Gc-004, Gc-007, Gc-010, Gc-011, Gc-018, Gc-025, Gc-035, and Gc-037 were 
fluorescently labed (Applied Biosystems, Inc., Foster City, CA, USA). Amplification 
reactions were 12.5 &L consisting of 1X buffer, ~2 to 10 units of Taq or IMMOLASE 
DNA polymerase (Bioline USA Inc., Boston, MA, USA), 0.2 mM dNTPs, 2 - 3 mM 
MgCl2, 0.1 - 0.3 &M of each primer, 0.4 &g/µL bovine serum albumen, and 1 – 2 µL of 
template. Cycling conditions consisted of 95
 
C 7 min, 35 cycles of 95
 
C 30 s, 50-56
 
C 
30 s, and 72
 
C 60 s with a final extension at 72
 
C for 5 min (see Heist et al. 2003). The 
PCR products were resolved with an ABI 3100 automated sequencer and visualized using 
GeneMarker software version 1.7  (Soft Genetics LLC, State College, PA, USA). 
To investigate the potentially deeper divergence of the western Atlantic to the 
eastern Atlantic and Pacific samples, I sequenced a region of the mitochondrial 
cytochrome c oxidase 1 gene (COI), a commonly used gene to rapidly and accurately 
identify cryptic species (e.g., DNA barcoding; Hebert et al. 2003). A universal set of 
primers (Fish F2-t1 and FishR2-t1; Ward et al. 2005) was used. Amplification reactions 
were carried out in 50 &L volumes consisting of 1X buffer, 2 units of IMMOLASE DNA 
polymerase (Bioline Inc., Boston, MA, USA), 0.4 mM dNTPs, 4 mM MgCl2, 0.3 &M of 
each primer, 0.1 &g/µL bovine serum albumen, and 0.75 - 1 µL of template. Cycling 
conditions consisted of 95
 
C 7 min, 30 cycles of 94
 
C 30 s, 50
 
C 90 s, and 72
 
C 45 s 
with a final extension at 72
 
C for 3 min. Amplicons were purified with QIAquick kit 
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(QIAGEN, Inc., Valencia, CA, USA) following manufacturer’s instruction. Both strands 
were sequenced and run on an ABI 3730XL Genetic analyzer (Applied Biosystems, Inc., 
Foster City, CA, USA). 
 
Data analysis 
About 1,166 bp of sequence were obtained for the mtDNA CR. This includes 
about 232 bp of the 3’end of cytochrome b, about 139 bp spanning both tRNA
Pro
 and 
tRNA
Thr
, and 795 bp of the CR. Fragments were aligned with Sequencher 4.1 (Gene 
Codes, Ann Arbor, MI, USA) and alignments were additionally checked by eye. 
Summary statistics (number of haplotypes, haplotype frequencies, number of 
polymorphic sites, number of transition and transversions, and nucleotide composition) 
were estimated in ARLEQUIN 3.11 (Excoffier et al. 2005) for both the entire fragment as 
well as for the CR alone. Individuals were initially binned into six groups defined by 
geographical region where samples were collected: Atol das Rocas (ATL; N = 7), 
Fernando de Noronha (FNR; N = 30), Natal  (NTL; N = 15), Bimini (BMN; N = 21), 
southern Florida coast (FLD; N = 37), and Belize (BLZ; N = 33). Due to geographic 
proximity and absence of variation between ATL and FNR they were treated as a single 
geographic population, hereafter called Brazilian’s oceanic islands (BRI). Genetic 
diversity within regions was measured, as the number of DNA mitochondrial haplotypes, 
haplotype diversity (h), and nucleotide diversity (!) estimated with Nei’s corrected 
average genetic divergence (Nei 1987) incorporating Tamura & Nei’s (1993) model of 
sequence evolution with ARLEQUIN 3.11. The overall genetic diversity was calculated 
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for the westerns Atlantic as well as overall including the African and Pacific samples. 
Estimates of evolutionary divergence between haplotypes incorporating the maximum-
likelihood (ML) model of sequence evolution were calculated with PAUP 4.0b10 
(Swofford 2000). The hierarchical likelihood-ratio test of MODELTEST version 3.06 
(Posada & Crandall 1998) was used to determine the most likely model of sequence 
evolution for the entire mtDNA fragment sequenced (1,166 bp). A minimum spanning 
haplotype network was constructed using TCS 1.2.1 (Clement et al. 2000).   
Similar to the mtDNA analysis, for microsatellite analysis, individuals were 
binned into the same five geographic regions: BRI (N = 42), NTL (N = 15), BMN (N = 
23), FLD (N = 37), and BLZ (N = 35). Numbers of alleles per locus, expected and 
observed heterozygosities, deviations from Hardy-Weinberg expectations for each locus 
within each sampled region, and tests of linkage disequilibrium between all pairs of loci 
over all regions and within each region were calculated with GENEPOP version 3.3 
(Raymond & Rousset 1995). Significance of deviations from Hardy-Weinberg 
expectations was determined using the Markov chain exact probability test of Guo & 
Thompson (1992) and significance of linkage disequilibrium values was determined with 
Fisher's exact test as implemented in GENEPOP version 3.3. 
Population subdivision and structure were estimated using an analysis of 
molecular variance (AMOVA; Excoffier et al. 1992) for both mtDNA haplotypes and 
microsatellite genotypes, and pairwise population #ST significance test (Cockerham & 
Weir 1993) as implemented in ARLEQUIN. Significance of #ST was determined via 
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nonparametric permutation (Excoffier et al. 1992) with 1,000 permutations. In addition to 
the #ST, I also calculated RST (Slatkin 1995), a statistic that incorporate the stepwise 
mutation model (SMM) thought to operate at microsatellite loci. RST is based on 
variances in the allele size and, similar to #ST, its estimator (%) is calculated between 
populations and over all populations with significance determined by 1,000 permutations 
of the data. Population differentiation also was tested using Raymond & Rousset exact 
test of sample differentiation based on mtDNA haplotype frequencies (Raymond & 
Rousset 1995).  
The degree of COI sequence divergence found in the western Atlantic populations 
when compared to the Pacific sample as well as to the eastern Atlantic samples was 
calculated in MEGA 4.0 using Kimura 2-parameter distance model (K2P; Kimura 1980). 
In order to illustrate the range of similarities and divergences found in the 
Orectolobiformes, COI sequences from other species available in the Barcode of Life 
Database (BOLD) were also included in the analysis. These included two individuals of 
the tawny nurse shark, Nebrius ferrugineus (BW-A3013 and BW-A2717), the whale 
shark, Rhincodon typus (BW-A3307), two zebra sharks, Stegostoma fasciatum (BW-
A2566 and BW-A2567), two brownbanded bambooshark, Chiloscyllium punctatum (BW-
2144 and BW-2146), two Indonesian bambooshark, C. hasselti (BW-2127 and BW-2130), 
two slender bambooshark, C. indicum (BW-2122 and BW-2123), two whitespotted 
bambooshark, C. plagiosum (BW-2137 and BW-2138) two spotted wobbegong, 
Orectolubus maculates (BW-2068 and BW-2070), and two western wobbegong, O. 
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hutchinsi (BW-A2620 and  BW-A2621). A neighbor-joining (NJ) tree based on the K2P 
distances was created using MEGA 4.0. 
 
RESULTS 
 
Summary statistics 
 A total of 146 nurse sharks had a 1,166 bp fragment of their mtDNA sequenced, 
containing the 3’end of the cytochrome b gene, both tRNA
Pro
 and tRNA
Thr
 and the 5’end 
of the control region. For most sharks, this fragment was composed of 13.1% guanine, 
33.9% adenine, 31.3% thymine, and 21.6% cytosine. There were a total of 34 
polymorphic sites, with 32 substitutions (25 transitions and seven transversions) and two 
indels, resolving 12 haplotypes (Table 9, Table 10 and Fig 10A). The vast majority of 
polymorphism was found between the Pacific (H12) and Atlantic haplotypes with 19 
substitutions (14 transitions and five transversions) and two indels. On the 795 CR 
nucleotides, a total of 22 polymorphic sites, with 20 substitutions (14 transitions and six 
transversions) and two indels were observed, resolving only eight haplotypes (Fig 10B). 
The haplotype H12 is still the most different haplotype, with 14 of the 22 polymorphic 
sites found in the CR fragment. The overall haplotype diversity (h) and nucleotide 
diversity ($) for the mtDNA of the western Atlantic populations were 0.45 and 0.04%, 
respectively. Considering the samples from the East Pacific and East Atlantic together, 
the haplotype diversity (h) and nucleotide diversity ($) increases to 0.48 ± 0.05 and 0.08 
± 0.06%, respectively (Table 9). 
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As shown in Table 11, when considering the entire fragment, H1 was the most 
prevalent haplotype, found in all populations (except AFR and PNM), and accounted for 
71.9% (75.3% for the CR alone) of all nurse sharks. Besides H1, only 2 other haplotypes 
were shared among the populations (H2 and H4, Table 11).  
The minimum spanning haplotype network shows no evidence for structure in the 
western Atlantic sharks, but considerable distance between the AFR (H5) and, especially, 
the PNM (H12) haplotypes and the rest. The AMOVA indicated a weak but significant 
genetic structure among the western Atlantic populations for the mtDNA (Overall #ST = 
0.22, P < 0.05). Most of the genetic variability, however, was attributed to variance 
within populations (78.2%), with only 21.8% among populations. Population structure 
was not detected between NTL and BLZ (#ST = -0.034, P = 0.604), and between FLD 
and BMN (#ST = 0.003, P = 0.327). The exact test of population differentiation based on 
haplotype frequencies (Raymond & Rousset, 1995) revealed a similar pattern of genetic 
structure, with the exception that NTL and BMN were not statistically different (data not 
shown). Estimates of divergence between haplotypes were calculated using the 
Hasegawa, Kishino, Yano 85 (HKY; Hasegawa et al. 1985) for the entire fragment 
(cytb+tRNAs+CR). The minimum, maximum, and mean divergence estimated among 
haplotypes found in western Atlantic populations, between eastern Pacific and western 
Atlantic haplotypes, and between western Atlantic and eastern Atlantic haplotypes are 
presented on table 12. 
 Genotypes for most of the 153 nurse sharks were determined for eight 
microsatellite loci. The total number of alleles and observed heterozygosities for each 
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locus ranged from 3 to 20 (mean = 6) and 0.200 to 0.917 (mean = 0.579), respectively. 
Number of individuals analyzed, number of alleles, observed (HO) and expected (HE,) 
heterozygosity, and deviation from the Hardy-Weinberg expectation (FIS) for each locus 
within each location are provided on Table 13. Three out of the 40 tests of Hardy-
Weinberg equilibrium within sample locations were significant at P < 0.05 (heterozygote 
deficiencies). After sequential Bonferroni adjustment (! = 0.007), only Gc-07 failed the 
test (P = 0.0062). Globally, there was no significant linkage disequilibrium, which 
supports the independent assortment of alleles at different locus (data not shown).
The pairwise population #ST significance test for the microsatellite data did not 
support the same genetic structure observed with the mtDNA, as there were no significant 
differences in comparisons among the northwest Atlantic populations (Table 14). It does, 
however, support the lack of differences between NTL and BLZ. For the pairwise 
calculations of % between populations, the only significant comparisons were those 
between BRI population and the northwest Atlantic populations, including NTL (Table 
14). Both estimators had small overall #ST and % values, but only the latter was 
statistically significant (#ST = 0.009, P = 0.35; % = 0.044, P < 0.05). Besides some 
incongruence of the estimators, especially with regards of the divergence between NTL 
and the northwestern populations, there is strong support for difference between BRI and 
the coastal population of NTL and the northwestern populations. 
The small number of individuals sampled in the eastern Atlantic and Pacific 
greatly limits inferences about the genetic structure of these populations. On the other 
hand, the degree of differentiation found in both nuclear and mtDNA may shed some 
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light on the genetic segregation in these sites. As mentioned before, the mtDNA 
haplotype H12 found in the Pacific sample was substantially different than the other 
haplotypes (Fig 10). Even the microsatellite alleles, for some loci, were much different in 
size in the Pacific individual and never seen in any of the other samples (data not shown). 
To better evaluate the divergence of the Pacific sample, I sequenced the COI gene from 
63 western Atlantic nurse sharks (FNR=12, ATL=8, NTL=12, BMN=10, FLD=11, and 
BLZ=10), one eastern Atlantic, and one eastern Pacific nurse sharks and compared them 
to other orectolobid sharks. No differences were found among the western Atlantic 
sequences. A single substitution (transition) was observed between the western Atlantic 
the eastern Atlantic haplotype. The Pacific samples had 10 substitutions (9 transitions and 
1 transversion) when compared to the western Atlantic sharks. The NJ tree, based on the 
K2P distance, indicates 1.6% divergence between the Pacific nurse shark and the western 
Atlantic sharks (Fig. 11). The degree of divergence between these nurse shark samples 
was much smaller than the divergence found among species of the Genus Chiloscyllium 
(7.5 - 9.8%), but similar to the divergence between the two species of Orectolobus 
analyzed (1.8%). The divergence between the eastern and western sharks was only 0.2%.  
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Table 9 - Location, number of individuals (N), number of haplotypes (n), haplotype (h) 
and nucleotide ($) diversity estimates and standard deviations observed in the 
CR of the nurse shark sampled. Note that overall values are presented for the 
western Atlantic and for the entire sampled set (including samples from E 
Pacific and E. Atlantic). 
 
Locations N n h ! 
BRI 37 2 0.43 ± 0.06 0.0004 ± 0.0004 
NTL 15 3 0.56 ± 0.09 0.0005 ± 0.0005 
BMN 21 4 0.43 ± 0.13 0.0004 ± 0.0004 
FLD 37 1 0.16 ± 0.08 0.0001 ± 0.0002 
BLZ 33 2 0. 49 ± 0.04 0.0004 ± 0.0004 
western Atlantic 143 6 0.43 ± 0.05 0.0004 ± 0.0004 
TOTAL 146 8 0.48 ± 0.05 0.0008 ± 0.0006 
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Table 10 – Haplotypes of nurse shark mitochondrial fragments. Variable positions only 
are presented (relative positions are given in the top row). Differences to H1 
are noted for each haplotype. 
 Nucleotide Position 
Haplo 
3
8 
5
7 
6
0 
7
7 
8
9 
9
8 
1
3
1 
1
7
4 
2
6
0 
2
9
3 
3
3
3 
3
5
8 
3
9
6 
4
6
1 
5
0
6 
5
2
0 
5
3
3 
5
6
5 
6
5
5 
6
6
3 
6
6
9 
8
2
3 
9
0
2 
9
0
4 
9
2
2 
9
7
5 
1
0
3
3 
1
0
7
7 
1
0
8
6 
1
1
0
2 
1
1
3
1 
1
1
3
7 
1
1
3
8 
1
1
4
0 
H1 C C T A T T C T C C T T T A G T C G A A A C T A G A T C C T : A G T 
H2                           C      -  
H3             A                      
H4           C                        
H5                  A  G        T    T   
H6              G                     
H7 T                                  
H8                   G                
H9                              C     
H10         T                          
H11   C                                
H12  T  G C A T C  T  C A  A C T A   T T C G T T   T  A  : A 
GENE Cytochrome b tRNAThr tRNAPro Control Region 
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Table 11 - Geographic distribution of haplotypes found in the nurse sharks, for the entire 
mtDNA fragment as well as for the control region alone (in parenthesis). 
Sample locations were grouped by geographic proximity (BRI – Brazilian 
oceanic islands; NTL – City of Natal, Brazil; BMN – Bimini; FLD – Florida, 
USA; BLZ – Belize; AFR – Sao Tome and Principe, Africa; PNM – Pacific 
Panama). 
 
  Geographic location  
Haplotype BRI NTL BMN FLD BLZ AFR PNM Total 
H1 26 (26) 9 (9) 16 (18) 34 (37) 20 (20) - - 105 (110) 
H2 - 5 (5) 1 (1) - 13 (13) - - 19 (19) 
H3 11 (11) - - - - - - 11 (11) 
H4 - - 1 (-) 1 (-) - - - 2 (-) 
H5 - - - - - 2 (2) - 2 (2) 
H6 - 1 (1) - - - - - 1 (1) 
H7 - - 1 (-) - - - - 1 (-) 
H8 - - 1 (1) - - - - 1 (1) 
H9 - - 1 (1) - - - - 1 (1) 
H10 - - - 1 (-) - - - 1 (-) 
H11 - - - 1 (-) - - - 1 (-) 
H12 - - - - - - 1 (1) 1 (1) 
TOTAL 37 15 21 37 33 2 1 146 
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Table 12 – Minimum, maximum, and mean genetic divergence between nurse shark 
haplotypes found among broad, geographical regions for the entire mtDNA 
sequence including the cytochrome b, tRNA
Thy
, tRNA
Pro
 and control region. 
 
 Cytb + tRNAs + CR 
 Min (%) Max (%) Mean (%) 
Among W. Atlantic 0.09 0.17 0.16 
W. Atlantic vs. E. Atlantic 0.34 0.43 0.42 
E. Pacific vs. W. Atlantic 1.72 1.98 1.88 
 Table 13 - Summary of microsatellite data for each nurse shark population and the entire 
data set. Values in bold and noted with * deviate from the Hardy-Weinberg 
expectation nominally (P<0.05) and after sequential Bonferroni adjustment of 
alpha, respectively. 
  Microsatellite loci 
Pops Parameters Gc-04 Gc-07 Gc-10 Gc-11 Gc-18 Gc-25 Gc-35 Gc-37 All loci 
BRI N 41 39 41 40 42 38 42 42 42 
 Na 3 6 20 3 3 7 4 6 52 
 HO 0.341 0.692 0.829 0.300 0.310 0.711 0.643 0.634 0.558 
 HE 0.364 0.662 0.920 0.268 0.364 0.771 0.557 0.596 0.563 
 FIS 0.062 -0.046 0.010 -0.120 0.151 0.079 -0.156 -0.065 0.009 
NTL N 15 14 14 15 14 14 14 15 15 
 Na 3 5 9 3 3 4 3 5 35 
 HO 0.467 0.500 0.714 0.200 0.643 0.857 0.500 0.800 0.585 
 HE 0.476 0.778 0.907 0.191 0.540 0.696 0.466 0.673 0.586 
 FIS 0.020 0.366* 0.219 -0.050 -0.200 -0.243 -0.077 -0.268 -0.005 
B M N N 23 23 23 23 23 23 23 23 23 
 Na 3 4 16 3 3 7 4 6 46 
 HO 0.348 0.783 0.913 0.522 0.478 0.913 0.522 0.565 0.630 
 HE 0.305 0.739 0.941 0.602 0.443 0.810 0.529 0.500 0.609 
 FIS -0.143 -0.060 0.030 0.136 -0.080 -0.131 0.015 -0.133 -0.036 
FLD N 37 36 36 37 37 36 37 35 37 
 Na 3 6 18 3 3 9 4 6 52 
 HO 0.459 0.778 0.917 0.541 0.459 0.639 0.568 0.429 0.599 
 HE 0.378 0.752 0.917 0.484 0.405 0.784 0.451 0.439 0.576 
 FIS -0.219 -0.035 0.000 -0.118 -0.138 0.188 -0.264 0.023 -0.041 
BLZ N 34 35 35 35 35 35 35 35 35 
 Na 3 6 17 3 3 6 4 6 48 
 HO 0.441 0.714 0.914 0.371 0.257 0.600 0.486 0.400 0.523 
 HE 0.371 0.771 0.942 0.347 0.421 0.744 0.494 0.474 0.570 
 FIS -0.193 0.075 0.029 -0.070 0.391 0.196 0.017 0.158 0.085 
Total N 150 147 149 150 151 146 151 150 151 
 Na 4 8 26 4 4 11 5 10 72 
 HE 0.368 0.741 0.931 0.409 0.412 0.770 0.504 0521 0.582 
 FIS -0.097 0.027 0.059 -0.044 0.060 0.071 -0.106 -0.034 0.006 
  
FIS microsatellite inbreeding coefficient [negative values = heterozygote excess and positive values = 
heterozigote deficiency].  
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Table 14 – Estimate of pairwise FST and RST values for the nurse shark using Tamura and 
Nei (1993) genetic distance for control region sequences (above diagonal) and 
for the microsatellite (below; # / %). Bolded values are significant at P < 0.05. 
 
 BRI NTL BMN FLD BLZ 
BRI - 0.275 0.157 0.218 0.334 
NTL 0.012 / -0.007 - 0.109 0.266 -0.034 
BMN 0.02 / 0.065 0.030 / -0.021 - 0.003 0.185 
FLD 0.015 / 0.112 0.0114 / 0.034 -0.003 /-0.011 - 0.318 
BLZ 0.009 / 0.086 0.0050 / -0.008 0.006 / -0.014 -0.004 / -0.011 - 
 
76 
78 
 
 
Figure 9 – Geographic distribution of the nurse shark specimens sampled. AFR, São 
Tomé; FNR, Fernando de Noronha; ATL, Atol das Rocas; NTL, Natal; 
BMN, Bimini; FLD, Florida; BLZ, Belize; PNM, Panama. Number in 
parenthesis represents the sample size.   
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Figure 10 – Statistical parsimony network of haplotypes for the whole mtDNA fragment 
sequenced (A), and for the control region (B) for nurse sharks. All haplotypes 
are separated by one mutation and solid black circles represent hypothetical 
haplotypes not sampled on the study. Except for the haplotype H1, which 
corresponds to 68% (A) and 72% (B) individuals, the size of the circles is 
proportional to the frequency of the haplotypes. 
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Figure 11 – K2P distance neighbor-joining tree of COI sequences for orectolobiform 
sharks. Distance scale bar, percent bootstrap values, and species number for 
the Barcode of Life Database (BOLD) given. 
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DISCUSSION 
 
Genetic diversity 
Ginglymostoma cirratum (including the eastern Atlantic and Pacific) exhibit the 
second lowest overall haplotype (h = 0.48) and nucleotide (! = 0.0008) diversities in 
mtDNA for any shark assessed to date. For the western Atlantic alone, the genetic 
diversity is even lower (h = 0.45; ! = 0.0004). The microsatellite data also indicate lower 
variability with fewer alleles (>10) and lower heterozygosity (Ho < 0.50) than found in 
most loci for any species (Table 13). Considering that this is a common and abundant 
coastal shark, the low diversity estimates are striking. Nurse sharks have been reported as 
the most abundant shark species in coastal shallow of the Atlantic (Castro 2000; Hazin et 
al. 2000; Castro & Rosa 2005; Heithaus et al. 2007). Estimate of nurse shark census size 
in the Atol das Rocas Marine Reserve indicates at least 400 individuals living on the 
small ~6 Km
2
 area of the reserve at all times, which likely represents only a portion of the 
entire population (Castro & Rosa 2005). Very little is still known about the census size of 
other nurse shark populations, but it is reasonable to believe that they might be relatively 
larger compared to other coastal sharks. Thus, based only on the large number of 
individuals in the nurse shark populations, I should expect a much larger variation on 
both mtDNA and nuclear microsatellite loci than what was found. For instance, the 
lowest genetic variability found in sharks was observed in a scarce shark species, the 
sicklefin lemon shark, Negaprion acutidens (h = 0.28, ! = 0.0006; Schultz et al. 2008). 
Other inconspicuous and potentially less common species, such as the vulnerable basking 
shark, Cetorhinus maximus, and grey nurse shark Carcharias taurus, have larger overall 
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diversity estimates (Hoelzel et al. 2006, Stow et al. 2006).  
It is worth mentioning that even though nurse shark populations might be  
considerably larger than other sharks, there are indications of population decline in the 
species, in at least a portion of its distribution. For instance, along the Brazilian coast the 
large and unregulated artisanal fishery has heavily impacted nurse shark populations. 
Recently, the species was added to the “overexploited species” category by the Brazilian 
Environmental agencies, and is now protected throughout Brazil. This population 
depletion as a consequence of human activities, in an evolutionary perspective, is fairly 
recent, and as such, there may not have been enough time for a concomitant reduction in 
the nurse shark genetic diversity. In fact, the population with the lowest diversity 
estimated (FLD; h = 0.16, ! = 0.0001) is possibly one of the least impacted populations 
and it is believed to have suffered only low levels of exploitation by the commercial 
gillnet fisheries (Heithaus et al. 2007).  
The degree of mtDNA variation found in nurse sharks (low h and !) but a large 
population size is consistent with the scenario of a recent population bottleneck or 
founder event, followed by population expansion, where new mutations are accumulated 
faster than loss due to drift (Grant & Bowen 1998). The presence of only few, closely 
related haplotypes in the western population, and more divergent African and the Pacific 
haplotypes (Fig. 10) support the bottleneck/founder event scenario, which may have 
occurred on the western Atlantic. Similar historical bottleneck effects have also been 
proposed to explain low levels of diversity in other shark species (Hoelzel et al. 2006; 
Stow et al. 2006; Castro et al. chapter three). 
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Population structure 
As mentioned before, the nurse shark is a remarkably non-vagile shark as shown 
by a number of tagging studies (Kato & Carvallo 1967; Carrier 1985; Kohler & Turner 
2001; Castro & Rosa 2005; Heithaus et al. 2007). Besides very restricted movements, its 
benthic habit in shallow, warm coastal waters suggests that long-distance dispersal 
through open, deep, pelagic water would be unlikely. On the other hand, it is conceivable 
that sporadic migrations might occur among populations connected through continuous 
shorelines, shallow depths, or even short oceanic distances, preventing their complete 
isolation. This would then explain the weak but significant genetic structure observed for 
the mtDNA among the western Atlantic populations (overall #ST = 0.22, P < 0.05), in 
which geographically close populations (e.g. FLD and BMN) or populations connected 
by continuous coastlines (e.g. NTL and BLZ) were not genetically different. Similar lack 
of structure among populations connected by continuous coastlines or short oceanic 
distances was also observed in other coastal sharks (Duncan et al. 2006; Schultz et al. 
2008; Castro et al. chapter three).  
Regarding the nuclear microsatellite, I should consider that my sample sizes were 
somewhat small for some populations and may have resulted in the discrepancies in 
pairwise population comparisons observed between estimators (% and #ST), especially 
regarding NTL. Despite these discrepancies, overall % and #ST estimates indicated either 
significantly small or absent population genetic structure for the nuclear marker. These 
results are consistent with what has been observed for other shark species, where the 
male-mediated gene flow is considerably larger than female, likely a consequence of 
female philopatry (Pardini et al. 2003; Feldheim et al. 2002; Keeney et al. 2003, 2005; 
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Hueter et al. 2005; Duncan et al. 2006; Schultz et al. 2008; Castro et al. chapter three). 
Tagging studies have reported site fidelity in nurse sharks of different ages (Kohler & 
Turner 2001; Castro & Rosa 2005; Heithaus et al. 2007). Pratt & Carrier (2001) also 
found sex-specific philopatry in adult nurse sharks, where females return to mating sites 
in the Dry Tortugas, Florida every other year.  
Although site fidelity could potentially affect the gene flow in this species and 
result in the observed lower microsatellite structure compared to the mtDNA, it is 
important to consider that the putative bottleneck/founder event that reduced nurse shark 
genetic diversity could also have an effect on the pattern of genetic structure observed. 
For instance, the maternally inherited and haploid mtDNA has an effective population 
size (NE) equivalent to one-fourth of the nuclear DNA and therefore is more effected by 
genetic drift but reaches the equilibrium between drift and migration faster (Ballard & 
Whitlock 2004). For the nuclear DNA, on the other hand, the drift-migration equilibrium 
will be reached only after a long period of isolation (i.e., 4NE; O’Reilly et al. 2004). 
Thus, a similar pattern of apparent higher nuclear than mitochondrial gene flow could be 
found in populations that have not been isolated long enough so differentiations could 
accumulate in the nuclear markers (Birky 1995; Buonaccorsi et al. 2001). Considering 
that other more vagile coastal sharks exhibited stronger genetic differentiation among 
populations in a similar geographic range (e.g., C. limbatus, #ST = 0.35, Keeney et al. 
2005; N. brevirostris, #ST  = 0.45, Schultz et al. 2008; and C. leucas, #ST = 0.81, Castro 
et al. chapter three), the low level of differentiation found in the nurse shark mtDNA 
suggests that the bottleneck/founder event preceded the expansion to its current size and 
distribution, explaining much of the pattern of genetic structure observed. Even so, the 
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higher microsatellite mutation rates (e.g. >10
-3
) should compensate for the larger NE and 
result in differential mutation in even recently isolated populations resulting in population 
genetic differentiation (O’Reilly et al. 2004). Thus, the lack of structure that is still found 
among northwest Atlantic populations may indicate that male-mediated gene flow still 
plays an important role in shaping the genetic structure of Atlantic populations.  
Considering the average divergence calculated among nurse shark populations, if 
I assume that the transisthmanian divergences is 3.5 Mya, (the upper age suggested for 
the final closure of the Isthmus of Panama; Coates et al. 2004), the nurse shark mtDNA is 
diverging at about 0.54% per million years. Although low, this is similar to what was 
found for N. brevirostris (0.67%; Schultz et al. 2008) and S. lewini (0.80 %; Duncan et 
al. 2006), and higher than C. limbatus (0.43 %; Keeney et al. 2006). According to 
divergence rates estimated by my molecular clock, the western Atlantic haplotypes would 
have coalesced in the late Pleistocene (230 000 years ago). During this period, sea levels 
suffered substantial fluctuations, which have accounted for major marine losses (Page & 
Lydeard 1994; Briggs 1995; Floeter et al. 2008). The magnitude of the sea-level decrease 
has resulted on severe losses of shallow habitats, and consequently severe reduction of 
population size for species inhabiting these areas, with a tremendous impact on their 
genetic diversity (Bellwood & Wainwright 2002; Fauvelot et al. 2003; Rocha et al. 
2008). Although the molecular clock is provisional, it is reasonable to believe that nurse 
sharks may have suffered from a population bottleneck as a consequence of the sea-level 
decrease in the Late Pleistocene. As sea levels subsequently rose, more habitats were 
created and, in turn, supported population expansion. This bottleneck event followed by 
population expansion would then contribute to the low diversity and structure observed in 
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the species. It is important to point out, however, that very little is known about the fossil 
record of Ginglymostoma cirratum during this period, especially its abundance (see 
comments in Caira & Euzet 2001), which makes it difficult to determine whether the sea 
level fluctuation resulted on a population bottleneck, or if the populations were already 
small and expanded in size and geographic range as sea levels rose (founder event). 
 
Phylogeography 
Regarding the amphi-Atlantic distribution, Musick et al. (2004) hypothesized that 
vicariant events would be responsible for the nurse shark disjunct distribution, as the 
genus first occurred on the fossil record in the Lower Cretaceous, when the Atlantic was 
still a narrow ocean. This vicariant hypothesis, however, would require a long history of 
parallel evolution of an ancestral nurse shark on both sides of the Atlantic, or even that 
the species itself pre-dated the opening of the Atlantic and remained unchanged since; 
both unlikely scenarios. In fact, the estimates from my molecular clock indicated that 
northwest Atlantic haplotypes and the eastern Atlantic haplotype are separated by only 
~780,000 years ago. Given that the opening of the Atlantic Ocean occurred ~100 million 
year ago, this age would be inconsistent with the vicariant hypothesis and support 
dispersal as the proximate cause for the amphi-Atlantic distribution for nurse sharks. 
Caira & Euzet (2001) related the age association of the nurse shark with the amphi-
Atlantic tapeworms of the Genus Pedibothrium, and suggested that it could not be 
extended beyond the closure of the Isthmus of Panama, supporting dispersal as the 
explanation to nurse shark distribution. It is not clear, however, how often these 
transatlantic migrations occur or what the mechanisms are that allow such migration in a 
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benthic, live-bearing species such as nurse sharks. Given the large number of 
substitutions between the eastern and western Atlantic haplotypes and the small number 
of substitutions seen within the western Atlantic samples, it is reasonable to consider that 
trans-Atlantic migrations are rare. A more complete survey of the genetic variation in the 
species, however, is desperately needed, where more populations from both the 
southwestern and eastern Atlantic could be analyzed, as well as more samples from the 
eastern Pacific and Gulf of California.  
Even though the divergence observed on the CR between the Panamanian and all 
other western Atlantic samples (mean d = 1.71%, data not shown) was smaller than the 
trans-isthmian divergences found in on other sharks (e.g., d = 2.8% in S. lewini, Duncan 
et al. 2006; d = 2.4% in N. brevirostris, Shultz et al. 2008), I compared the COI 
divergence among the orectolobiform sharks between these two areas. Interestingly, the 
value between eastern Pacific and western Atlantic nurse sharks is considerably higher 
than other shark intra-species divergence and likely indicates that the eastern Pacific 
nurse shark represents a cryptic species This gene has been widely used as a reliable and 
accessible solution for species identification problems (Hebert et al. 2003; Hajibabaei et 
al. 2007). Moura et al. (2008) found intra-specific divergence estimates smaller than 
0.3% for sharks of genus Centrophorus and Centroscymnus, and no less than 1.28% 
between species. Ward et al. (2008), analyzing 210 chondrichthyan species, found that 
the mean divergence for intra-species comparisons was 0.37%, where 98% of all species 
exhibited intra-specific divergences of less than 2%. They also pointed out that the 
inclusion of few cryptic species might explain some of the >2% within- species 
divergence (including comparisons of Orectolobus spp.), and that even for animals 
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sampled from widely separated localities, the very few inter-locality differences that were 
found were smaller that 1.0%. Castro et al. (2003) suggested the existence of a separate 
nurse shark species from the Pacific Ocean, based on a series of morphological characters 
including body proportions, tooth morphology, and dental formulae, but the formal 
species description is still to be made. Better characterization of the genetic diversity and 
structure of the Pacific nurse shark population is also needed to understand the 
relationship between the Gulf of California and the eastern Pacific populations. 
 
Conclusion 
With this study, I have found that nurse sharks are genetically depauperate 
relative to many other shark species. This is likely a consequence of historical population 
size fluctuations. There appears to be little to no population subdivision indicated in the 
nuclear loci, but moderate differentiation in mtDNA. This is likely due to female site 
philopatry and male-mediated dispersal. As such, local populations may constitute semi-
isolated populations and may be sensitive to over exploitation. This is an important issue 
for the species as its SW Atlantic populations have been intensively impacted by the large 
and unregulated artisanal fishery that operates along the Brazilian coast. For instance, the 
southernmost populations (coast of Sao Paulo State and Rio de Janeiro State) have 
virtually disappeared. There are still very little information on the current population 
trends for the species, but the fact that it has been commonly caught as by-catch along the 
Brazilian coast in addition to the anecdotal records of population depletions have led the 
inclusion of the species, by the Brazilian Environment Ministry, to the list of 
overexploited shark species, becoming protected in all Brazilian’s coast. The amphi-
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Atlantic distribution appears to be due to limited dispersal ability and not vicarance, since 
the level of sequence divergence between the eastern and western Atlantic is relatively 
low and not consistent with the ~100Mya opening of the Atlantic Ocean. The divergence 
seen between the eastern Pacific and Atlantic population, however, is consistent with the 
closure of the Isthmus of Panama and the eastern Pacific nurse shark is likely a cryptic, 
sister species to that found in the Atlantic. 
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FINAL CONSIDERATIONS 
 
Through sequencing of the mitochondrial DNA as well as genotyping of nuclear 
microsatellite loci, this study has successfully characterized the genetic diversity, 
population structure and phylogeography of three shark species: the whale shark, 
Rhincodon typus; the bull shark, Carcharhinus leucas; and the nurse shark, 
Ginglymostoma cirratum. These three species have different life histories, differences in 
their potential migratory ability (vagility), as well as differences in their behavior, habit 
and the habitat they occupy. These differences reflect on the genetic composition and 
structure of their populations. For instance, the highly migratory and pelagic whale shark 
exhibit the least phylogeographically structured population, even in a much wider 
(global) distribution than the other two species. Even between the two coastal sharks (bull 
and nurse sharks), different mitochondrial phylogeographical patterns were observed. 
Although both species exhibited no substantial genetic structure for the nuclear marker, 
the more vagile bull shark exhibited a marked mtDNA structure between the Brazilian 
and the NW Atlantic bull shark populations, whereas for the non-vagile nurse shark no 
phylogeographical clustering was detected for the mtDNA. These results, although 
conflicting with the known migratory abilities of the species (expecting a lower genetic 
structure in the more vagile species) suggest that processes other than dispersal are 
responsible for shaping the genetic composition of the species. Restricted maternal gene 
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flow as a consequence of female philopatry, for example, appears to have a major 
influence on the pattern of genetic structure obtained among bull shark populations. For 
the nurse shark a population bottleneck as recent as the lower Pleistocene appears to be 
responsible for the low genetic diversity observed for the species, resulting in few closely 
related haplotypes with no clear phylogeographical pattern. Although only few 
haplotypes were found in this species, a moderate differentiation in the haplotype 
frequencies among populations suggest that female site philopatry might also influence 
the pattern of subdivision. 
Despite the different phylogeographical patterns observed among the species, the 
findings of this study suggest that all three species deserve special attention regarding 
their conservation and management. For instance, the global pattern of shared haplotypes 
in whale sharks provides a compelling argument for development of broad international 
approaches for management and conservation of the species. On the other hand, the 
strong philopatric signature observed for the bull shark, as well as the relatively low 
levels of genetic diversity, suggest that not only international but also local management 
strategies are needed for conservation of the species. Nurse sharks exhibit an even lower 
genetic diversity, which together with the fact that it may constitute semi-isolated 
populations, make them sensitive to over- exploitation. Although conspicuous in part of 
its distribution, most of its southern populations are under an intensive exploitation from 
an unregulated coastal artisanal fishery, which could represent a serious threat to the 
conservation of this species. In conclusion, this study provides  important information to 
each one of the three species investigated, but also offers a better picture of some of the 
processes that come into play when assessing the population genetic structure of sharks. 
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